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703-613-1287 (FOIA Hotline) 

The contact information for OGIS is: 

Office of Government Information Services 
National Archives and Records Administration 
8601 Adelphi Road - OGIS 
College Park, MD 20740-6001 
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INTRODUCTION 


Several studies (Persinger, 1985a; 1986; Schaut & 
Persinger, 1985a,b) have shown that subjective telepathic 
experiences tend to occur on days when the geomagnetic 
activity is quieter than the days before or after the 
experiences. The effect is quite strong statistically and 
is very similar in all three studies. Most of the 
experiences from the Schaut and Persinger (1985) study 
occurred between the years 1920 and 1967 while those from 
the Gurney, Meyers and Podmore analyses (Persinger, 1986a) 
occurred between the years 1868 and 1884. More than 98% of 
the cases involved episodes of sudden death, crisis, or 
illness to friends or family members. 


The aa (average antipodal) index of global geomagnetic 
activity has been employed in all of the above studies. 


Daily or half-daily values refer to 
(in gammas) of geomagnetic activity 
measure is derived directly and 
mac^netograms of observatories in 
(hence the term "antipodal"). This 
geomagnetic activity was selected 


homogeneous quantitative series of highly reliable values 
that begins in the year 1868. In addition, 100 years of 
the data are easily accessible in the monograph (Mayaud, 
1973) or on magnetic tape; consequent years are also 
available. The aa index is also strongly correlated with a 
variety of more recent geomagnetic activity indices that 
include dozens ' of measurements from tens of different 
stations throughout the world. 

We decided to determine the reliability of the previous 
studies by analyzing the remaining cases of subjective 
telepathic-clairvoyant (T-C) experiences tha.t were 
available to us. These cases had been reported in FATE 
magazine; its format was considered instrumental for the 
demonstration of the specificity of the geomagnetic effect 
on T-C experiences because both precognitive (PC) and 
postmortem (PM) experiences were also included. Except for 
the temporal displacement before or after the 
descriptions and details of precognitive and 



the average amplitude 
(Mayaud, 1973) . This 
quantitatively from 
England and Australia 
particular measure of 
because it provided a 


experiences are similar to TC 
PC and PM experiences as both 
controls. If the geomagnetic 
then it should not be evident 

were evident in all three classes, then some 
factor (such as just the display of unusual 
might be likely. 


event, 
postmortem 
phenomena. We considered the 
source (from FATE) and case 
effect was specific to T-C, 
in the PC or PM cases. If it 

non-specific 
experiences) 


In the present study, we compared the three major 
classes of subjective psi phenomena: telepathic-clair¬ 

voyance (T-C), precognitive (PC), and postmortem (PM) 
experiences, with respect to the geomagnetic activity 
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experiences. Our previous analyses indicated that inter¬ 
actions (Persinger, 1985a; Schaut & Persinger, 1985a,b) 
between the day of the experience and the type of 
experience were the key phenomena. The rationale for 
selecting the key day (day of the experience) and the three 
days before and the three days after the experience was 
based upon both theoretical and empirical reasons. First, 
geomagnetic activity within 1+1 days is usually highly 
correlated (_>0.60) or dependent; beyond three days, there 
is little correlation (days are independent). Secondly, 
several previous studies (Persinger, 1985a; Schaut & 
Persinger, 1985a,b) have shown that more than +3 days from 
the key day, geomagnetic values ace usually not 
significantly different from the mean values of the month. 

Because assumptions of homogeneity of variance are 
occasionally violated with geomagnetic indices (from 
outlier values; i.e., geomagnetic storms), log transforma¬ 
tions of the daily, monthly, and yearly aa values were 
completed; MANOVA designs were applied to these values. 
Repeated measures for specific classes of experiences were 
completed separately to verify the results of the MANOVA 
and to more clearly delineate the temporal pattern of aa 
values; a posteriori correlated t-tests for • within class 
comparisons and independent t-tests for between group 
comparisons were used. As an additional verification and 
data check, non parametric: repeated measure (Friedman's) 
and non-repeated measure (KruskaI-Wal1 is) were completed 
for the different classes. This is a routine procedure in 
our laboratory in order to control for possible non- 
linearities within data. All analyses were completed with 
SPSSX software on a DEC 2020 computer. 

The means and standard errors of the mean of the daily 
aa indices for the three days before, the three days after 
and the days of the experiences as well as the averages for 
the month and years in which the experiences occurred are 
shown in Figure 1. Multivariate analyses of variance 
(MANOVA) of the seven repeated measures (7 successive daily 
aa values) and two factors: the three classes of 
experiences (telepathic, precognitive, and postmortem) and 
the two replications (one vs two) demonstrated no signifi¬ 
cant difference (F(1,372)=0.56, p>.01) between replications 
but a highly significant (F(2,372)=11.20, p<.00l) 

difference between classes of experiences. The results of 
the MANOVA were similar for the log (base 10) transforma¬ 
tions of the aa values (F(2,372)=10.67, p<.001). 

A posteriori analyses (Scheffe's set at p<.05) on both 
the raw scores and log transformations indicated that the 
T-C experiences occurred when the aa activity of the week 
(X+S.E.M.=19.3^0.9) was lower than the values for either 
the Pc (24.2+1.1) or PM (22.8+1.0) experiences which did 
-?®t differ from each other. The results were identical for 
; ®0th absolute values and log transformations. Nonpara- 
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between the''groups. A posteriori Scheffe's set at p<.05 
indicated that the effect was due solely to the relative 
decrease in geomagnetic activity during T-C experiences 
compared to both the PC and PM experiences that did not 
differ from each other. Calculations of relative changes 
for each case (key day aa value minus the monthly mean) 
divided by the monthly mean and multiplied by 100)) 
demonstrated values of -32nr4.1%, 14.4jf9.4%, and 28.2^5% for 
the three classes, respectively (F=21.36, pC.OOl). 

To determine the strength of the repeated measure 
(daily aa values) differences between days for the classes 
of experiences separately, both parametric and non-para- 
metric repeated analyses were completed. The T-C cases 
demonstrated highly significant (pC.OOl) repeated measure 
differences (F=4.36, df=6.792; X =34.33, df=6); A 
posteriori tests indicated that only the day of the 
experiences was significantly different than the other 
days. For the PM cases, a significant repeated ^easure 
effect also occurred (F(6,834)= 5.70, p<.001; x =30.32, 
df = 6, pC.OOl). A posteriori (contrast) correlated t-tests 
demonstrated that for appari-tional experiences, the day of 
the experience was significantly more active relative to 
two to three days before the experience (2.70<ts<3.75, 
df = 139) . There were no significant (p>.05) repeated 
measure differences for the precognition experiences (X = 
6.13, df=6; F=1.76, df=6,734). 

Further tests were completed to determine the internal 
consistency and cross-reliability of the results. These 
analyses were completed as log 10 transformations of the aa 
values in order to reduce the possible distortions from 
extreme outlier values. The first step was to determine 
the internal reliability of the most significant effect: 
the marked, decreased geomagnetic activity on the days of 
T-C experiences compared to the days before and afterwards. 
As shown in Figure 2A, the two replications are almost 
identical. The experiences occurred when the geomagnetic 
activity became suddenly quieter compared to the days 
before and afterwards. 

Cross-reliabi1ity with other analyses are shown in 
Figure 2B. Here the geomagnetic activity on the days of, 
the three days before and the 3 days after the T-C 
experiences are shown for the 17 new cases that contained 
specific dates from the Stevenson (1970) collection and for 
the 78 major cases that contained specific dates (between 
the years 1868 to 1885) from the Gurney, Myers and Podmore 
(1886) series. Monthly and yearly aa values for each of 
these collections are also displayed. As can be seen, in 
all three studies, the T-C experiences occurred on days 
when the geomagnetic activity became suddenly quieter 
compared to the days before and afterwards. In addition, 
the days of the T-C experiences were also quieter than the 
average monthly or yearly aa values. These differences 

448 


Approved for FUNfisleA&StFckEQ C02112814 


C02112814' 


t 


Approved for 


UAHSm 


C021128141 



125 i 


X 120 

LlI 

Q 
2 

o 1.15 

< 

Q 

u. I 10 | 

O 

o 
o 

° I 051 


• STUDY I (n =58) 
O STUDY2 (n =75) 




1 > 


-J-- 


-3 -2 


I 35 


I 25 


I 15 


I 05 


0 95 


STEVENSON(n =17) 
FATE (n = 133) 

GMP (n= 78) 




•* t 


i 


( i 

I 


f > 





0 85 y 


-i--- t 

3 -2 I 0 .1 


0 *' *2 «3 

DAVS BE rS? E c' DURING ,0) AN0 AFTER 

the experience 


2 *3 My 


Fiqure 2 • a\ 

IS\jP2r tS three ^W'or^trohs of 

feDlio . . dai,s of subjective ^ b «=fore, three days 

&«h™a 0 t n l0 1 „i n eTJh a "^ ' i »l<£% mth 2 ie <n3gr , ' 1S " ~ 

B|?S 5 ®&'SsS~€ 

and years tr ^f f ° rmation of thrL^valufsT 18 u 5 * Mean ^ 

•hown fo»- , ^ ln wb ich the » vr . Ues ^ or the months 

•tanLf^ each data base. v 6 r t occurred .Sf 

vertical li n £ s 


the 
after 
for 
Log 


•hown " years 

^•tandard r e rro h data base » 

£ d error of the mean. 


are 


indicate +i 


*49 


Approved for C02112814 


I 

& 





Because the chi-square analyses of T-C and precognitive 
cases indicated that more T-C cases involved putative 
agents who were dying compared to crises/sickness, MANOVA 
were completed for the seven days as function of the two 
classes of experiences (PC vs T-C) and whether the agent 
was dying or ill-/in crisis). There was no significant 
difference between the condition of the agent 
(F(1,222)=1.80; p>.05) or class by agent interaction (F<1). 
Again, there was a highly significant main difference 
(F (1,222)=11.74; p=.001) between the two classes of 
experiences as well as the class by day interaction 
(F(6,1332)=2.88 , p=.009). 
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Four modes of experiences had been designated in this 
study: impression/feeling, image, dream, and apparitions. 
To determine if the modes of the T-C experiences were 
differentially associated with the aa index of geomagnetic 
activity, MANOVA was completed for the seven days (key day 
+3 days) and the mode factor (four levels). There was a 
significant (p=.002) mode difference (F=5.06, df=3,129) and 
not surprisingly highly significant (F=4.60; df=6,774; 
pC.OOl) differences between daily aa values; there was no 
significant mode by day interaction. The day differences 
Were due solely to the relative decrease in geomagnetic 
activity on the day of the T-C experiences (regardless of 
mode) compared to the days before or afterwards. The 
significant effect (K-W x =12.40, p=.006) between modes was 
due primarily to the higher overall geomagnetic activity 
during the week in which T-C experiences involving dreams 
occurred relative to those involving apparitional displays. 
We wondered whether or not T-C cases that contained the 
specific hour of the experience might demonstrate a more 
enhanced geomagnetic effect than those that referred to 
only the date or to a day vs night dichotomy. These 
results were interesting in light of the hypothesis that 
the decreased geomagnetic activity might facilitate the 
memory of the T-C experiences rather than their occurrence 
(D. Scott Rogo, personal communication). MANOVA 
demonstrated no significant difference between cases with 
different temporal specificity (F<1). 
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I OBJECTIVE (U) 

( v) 

i \ The objective of this effort is to investigate the 

possible effects of ambient geophysical/extremely low-frequency electro- 
magnetic factors on remote viewing (RV) performance 


(U) RV (remote viewing) is the acquisition and description, by mental 
means, of information blocked from ordinary perception by distance or 
shielding. 


/, ' 1 

1 
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II EXECUTIVE SUMMARY (U) 


^ it SRI International was tasked^ 

fcto investigate a potential correlation between remote viewing (RV) 
performance and ambient geophysica1/extreme1y-low-frequency electromagnetic 
(ELF) activity. The possibility of such correlation is indicated, for 
example, by studies showing psychophysiologica 1 effects 1 ’ 2 * and behavioral 
changes 1 ’ associated with ELF electromagnetic fields. The geophysical 
variables of interest include such factors as ELF intensity/fluctuations, 
ionospheric conditions, geomagnetic indices, sunspot number, and solar- 
flare characteristics. The questions addressed in this program are 

Do geophysica1/performance correlations exist such that 
measurement of the ambient geophysical variables could 
be used as an indicator of expected performance? 

If so, can optimum performance windows be identified? 

(U) The structure of the program to investigate the above issues 
cons is ts of 

• A literature search 
Real-time ELF measurements 

-- SRI International (Menlo Park, California location) 

-- Time Research Institute (Los Altos, California 
f ie Id station). 

• Real-time geophysical data acquisition via the National 
Oceanic and Atmospheric Administration (NOAA) Westar IV 
satellite downlink. 

• Computer correlation studies of RV performance versus 
variables of interest. 

(U) In this report, we present findings from our over-six-year 
analysis of scored RV sessions—as they relate to geophysical environmental 




(U) References are listed at 


the end of this report. 
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Table 1 


(U) GEOPHYSICAL DATA BASES 


• Solar terrestrial 

- Geomagnetic--ground -measured indices A^ , 

- Solar flux (MHz): 15,400, 8,800, 4,995, 

410, 245 


sum of K , C , C9 
P P 

2,800, 2,695, 1,415, 


606, 


- Sunspot number 

- Solar flares 

• Ionospheric measurements 

- Sudden ionospheric disturbances (SID) 

- Sudden enhancements of signal strength (SES) 
. ULF/ELF 

_ 19 frequencies (from 1 to 30 Hz) 


UNCLASSIFIED 


B. (U) Report Organization 

(U) The remainder of this report is organized to include: Method of 
Approach (Section IV), Results (V), Evaluation and Recommendations (VI), 
and Summary (VII) . The Method of Approach section contains descriptions 
of the project tasks, which include Time Research Institute’s data acqui¬ 
sition systems, other sources of geophysical data acquisition, lists of 
geophysical data that have been analyzed, and the analysis technique 
employed. The Results section contains the findings from the comparisons 
of both the ELF data sets among themselves, and the comparisons of RV 
performance data with the ELF and other geophysical data. The Evaluation 
and Recommendations section summarizes the findings and possible applica¬ 
tions of our research, and identifies areas where further investigation is 
needed. The Summary section summarizes the overall effort and its impli¬ 
cations with regard to RV performance enhancement and countermeasures 
development. 
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III INTRODUCTION (u) 

A. (U) General 

(U) In order to accomplish the goals listed in the Executive Summary, 
this program was designed to be a joint effort between SRI International 
and Time Research Institute (TRI) of Los Altos, California, with SRI as the 
prime contractor. Time Research Institute is a research organization that 
specializes in temporal analysis of geophysical variables and their potential 
correlation with phenomena of interest, such as weather patterns, earth¬ 
quakes, and the like. 

(U) Time Research Institute was responsible for establishing the 
appropriate hardware and software systems for collecting and analyzing data 
on environmental conditions and their correlation with RV performance. The 
purpose of the correlation study was to determine whether RV performance 
is enhanced or degraded by measurable changes occurring in the geophysical 
(including solar-terrestrial) environments. The specific geophysical data 
bases examined in this effort are given in Table 1. 

(U) Should correlations between geophysical variables and RV per¬ 
formance be rigorously established over time, the application potential 
of the effort is twofold: 

lime periods in which enhanced RV performance might be 
expected could be identified, resulting in increased 
quality and accuracy of information obtained through 
such channels; similarly, time periods in which degraded 
RV performance might be. expected could be avoided. 

Thus, optimum performance windows would be identified. 

• An increased understanding of the types of environmental 
changes that correlate with RV performance could provide 
clues as to the mechanisms involved in RV functioning. 

Such knowledge would lead to a more focussed research 
on factors that could enhance RV performance, and would 
also provide information critical to the development of 
defensive countermeasures against RV. 
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IV METHOD OF APPROACH (U) 

A. (u) Literature Search 

(U) A literature search into the areas of known effects of static 
and low-frequency magnetic and electric fields on biological processes 
was carried out. Much of the literature available in the ELF range dealt 
with the effects (or lack thereof) of 60-Hz fields. Papers were sought 
that described both the gross effects of these fields and the mechanisms 
by which they could affect biological organisms. Some reports describing 
higher electromagnetic frequencies (e.g., microwave) were also included 
for their inferential value. (A bibliography appears as an appendix to 
this report.) 

B. (U) Data Acquisition 

1. (u) ELF Measurements 

a. (U) Introduction 

(U) Although the ELF range (3 to 300 Hz) has been studied 
in some detail, many unknowns remain. Although it is known that extremely- 
low frequencies generated by geophysical means (e.g., electrical-storm 
activity) tend to distribute themselves globally, little information is 
available on the variation of the ELF environment from location to loca¬ 
tion. Therefore, local variations may exist that are caused by both man¬ 
made sources, and by the geological structure of the area. In the 
San Francisco Bay Area, man-made sources that generate ELF on a local 
scale include motors, telephone lines, power lines, and electrical subways 
[Bay Area Rapid Transit (BART)]; it needed to be determined whether the 
emission from such sources constitutes a significant contribution to the 
omnipresent global ELF field. 

(U) In order to address the above issue, two ELF monitoring 
stations were set up—-one at SRI Menlo Park (the RV laboratory), the other 
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(U) 

at the TRI field station, 17 km distant. It was anticipated that the SRI 
environment might be an electrically "noisy" one due to the large amount 
of electrical and electronics activity in the area--a hypothesis that was 
verified. With the requirement that two ELF monitoring sites be implemented 
for the program, it was decided that the two systems would be made identical. 
In this way, differences between the systems would be minimized, thus 
reducing the opportunity for artifactual differences between the outputs. 


b. (U) Los Altos Site (TRI) 

(U) Since May 1982, TRI has been operating a prototype ELF 
monitoring site in Los Altos, where data have been collected twice daily 
for the purpose of correlating ELF disturbances against various phenomena 
of interest. In this period, analysis techniques were developed that were 
directly applicable to the present task. 

(U) One of the first tasks was the upgrading of the Los 
Altos ELF monitoring site to provide coverage during power interrupts. 
Details of this effort can be found in an interim report prepared by SRI 
International . 5 

(U) The second task was the development of an upgraded high- 
data-rate ELF system (in duplicate) to be installed at the TRI and the SRI 
sites. Figure 1 is a block diagram of the basic upgraded ELF data-rate 
ELF system (in duplicate) to be installed at the TRI and the SRI sites. 
Figure 1 is a block diagram of the basic upgraded ELF data-^cquisition 
system. The ELF signal is collected by an antenna, amplified, and then 
digitized by an analog-to-digital (A/D) converter so that the signal can 
be input into a computer for the purpose of analysis. 

(U) The antenna is a "bioantenna" (a Live Oak tree) . This 

i 

procedure was based on one recommended by the Radioscience Laboratory at 
Stanford University. The detected signal is the voltage measured across 
a pair of electrodes implanted vertically approximately six feet apart 
along the lower tree trunk. A full description of the method is given in 
Reference 6, a reprint of which is included in the interim report mentioned 
above. 
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A 

ELF 

INPUT 

DATA 

V 

AMPLIFIER 

A-TO-D 

CONVERTER 

I 

COMPUTER: 
IBM PC JR. 


TO IBM XT COMPUTER 


(lit ELF DATA-ACQUISITION SYSTEM 


Uj; The system is configured around an IBM PC jr. micro¬ 
processor, which is not only cost-effective, but is compatible with an 
IBM XT computer where much of the ELF analysis is done. Data transfer 
and reduction is simple; floppy diskettes are transferable from one computer 
to the other. 

(U) Software has been developed for the IBM PC jr. that 
reads input data from the A/D converter, performs a fast-Fourier transform 
(FFT), then outputs seven data files of 19 frequencies each to a floppy 
diskette. The system operates on universal time (UT), writing records of 
the means and standard deviations of 19 frequencies in the l-to-30-Hz 
range--each half hour, half-UT day, UT day, and half Pacific-time day. 

This system is far superior in speed and accuracy to the prototype system. 

In the upgraded system, approximately 318 ELF samples are recorded each 
half hour. By comparison, the prototype ELF system sampled and processed 
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(u) 

the ELF environment only 20 times in an equivalent period, for a total 
of about 420 samples in an entire day. 

(U) The overall system calibration is as follows. A com¬ 
bined amplification of the signal is 1000X; the signal is amplified 10X 
in a preamplifier located at the antenna, and 100X in a main amplifier. 

This presents a maximum 5-V peak-to-peak signal at the A/D converter. 

The A/D converter operates on an input voltage in the range of 0 to 5.12 V. 
The output digital value is in the range of 0 to 256. Thus, each count 
on the digital output represents 20 mV at the input. The FFT algorithm 
converts the digital sample inputs into coefficients that are proportional 
to this input. A value of 100 counts at the frequency 1.6 Hz, for example, 
would be interpreted as indicating that the 1.6-Hz component of the measured 
signal has a voltage amplitude of 2 V at input to the A/D converter. The 
input signal having been amplified 1000X, this represents a 2-mV component 
at the antenna input. 

(U) Further details concerning measurement and calibration, 
including special requirements in amplifier design, isolation circuit 
diagrams, and so forth, are available in the TRI subcontractor final 
report to SRI International. 7 

(U) The first new ELF data acquisition began five months 
after the start of the TRI subcontract with SRI International. TRI was 
able to initiate the first generation of the upgraded system in only five 
months in spite of delays in ordering specialized components for the new 
systems, and delays in the fabrication of the circuitry of the systems 
themselves. Further delays were experienced in ordering additional 
specialized components and in fabrication of a needed second-generation 
preamplifier. Final data acquisition was begun seven months after initia¬ 
tion of the subcontract. 

c. (U) SRI Site 

(U) The SRI ELF system was Implemented after extensive 
testing of the upgraded system at Los Altos. A second-generation 
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preamplifier/amplifier was installed in August 1984. Some differences were 
immediately seen between the SRI and the TRI Los Altos stations. The dc 
output of the oak tree that was selected to be the ELF antenna at SRI was 
twice the level of the oak at Los Altos. It is a larger tree, and its dc 
potential with equivalent electrode spacing (300 mV) was twice that of the 
Los Altos site. This caused the amplified dc measurement component to 
exceed the limits of the A/D converter. Hence, no dc measurements are 
presently being made at the SRI site. 

(U) As expected, the SRI location was found to be in an 
electrically-noisier area than the Los Altos station. The 60-Hz signal 
from power lines (and the like) at SRI was strong enough to approach the 
limits of the A/D converter when the amplification was adequate for ELF 
signal detection. The system software has been designed to omit data that 
exceed the A/D converter limits, then record the fact. To date, the 
system has operated successfully without losing data because limits were 
exceeded. There was a concern, however, that some large-amplitude ELF 
, anomalies could cause the limits of the amplifier and the A/D converter 

to be exceeded, in which case data would be lost. A third-generation 
preamplifier has been designed, which contains the attributes of previous 
preamplifiers, but, a 60-Hz filter has been specially designed and added 
to the circuitry. This enables greater amplification of the ELF components 
of the signal without risk of exceeding the input limits to the A/D con¬ 
verter. The third-generation preamplifier is presently being fabricated 
and will be used in follow-on work. 

2. (U) Satellite Downlink Geophysical Data-Acquisltion System 

(U) A near-real time satellite downlink system for solar- 
terrestrial data has recently become available from the National Oceanic 
and Atmospheric Administration (NOAA). With this unit, it is possible 
to provide immediate feedback and/or analysis in conjunction with RV 
sessions. (Normally, there are long delays in procuring solar-terrestrial 
data; without the downlink, delays of 10 days to 6 months are standard.) 
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By means of software developed at TR1, the downlink system provides for 
accumulation of a detailed data base directly on computer diskettes. 

(U) A satellite controller and a disk antenna for the downlink 
system were ordered and installed at the Los Altos site early in the 
project. The downlink system is configured around an IBM PC jr. micro¬ 
processor, as shown in Figure 2. Data transfer is accomplished by means 


ANTENNA 




FIGURE 2 (U) REAL-TIME GEOPHYSICAL DATA 

ACQUISTION VIA WESTAR IV 
DOWNLINK 


(U) The format of the NOAA downlink is oriented toward text transmission, 
and is not well suited to data-base acquisition. Software for recording 
the data is not provided by NOAA. 
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LOS ALTOS STATION SRI STATION 



FIGURE 3 (U) REAL-TIME GEOPHYSICAL DATA-ACQUISITION SYSTEM 


(U) 

Burroughs 6925 computer for use in that analysis requiring high-speed or 
large memory capacity. 

4. (U) Magnetic Data Tapes from NOAA 

(U) In addition to the above data collection from ELF and down¬ 
link systems, archived solar-geophysical data of interest were selected. 

Two criteria in this selection were used: first, the theoretical likelihood 
the data might correlate with RV performance, and second, its availability-- 
based on appearance in the regularly published NOAA bulletin "Solar- 
Geophysical Data Prompt Reports." The data were ordered from the National 
Environmental Satellite Data and Information Service at the National Geo¬ 
physical Data Center in Boulder, Colorado. Of 12 data sets requested, 
only 7 could be supplied; several of the data sets, although published 
in the "Solar-Geophysical Data Prompt Reports," were not available on 
magnetic tape. 
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similar to that of the ELF system; that is, by transport of floppy diskettes 
from the downlink computer to the larger IBM XT analysis computer. 

(U) The geophysical data downlink began data acquisition in the 
third month of the TRI subcontract. The initial data were in the form 
of a direct recording, which was received from the satellite, on to com¬ 
puter diskettes. The intent was to acquire as long a data base as possible 
by acquiring raw data at the same time we were developing the software to 
reduce it. The kernel around which the software was written was a BASIC 
program from NOAA. The original NOAA software supplied the text data 
(received from the downlink) in the form of tabular summaries on a monitor. 
This software did not have the capability to store or record data to any 
medium. TRI made extensive modifications so that the numerical data could 
be stored onto computer diskettes for inclusion into a data base. The 
software is capable of averaging and storing about 20 geophysical variables 
at multiples of five-min intervals (e.g., 10- or 25-min averages), which 
were defined at the time the program was run. It writes six separate data 
files to the diskette. 

(U) Initially, the program was set to average and write the data 
at five-min intervals. After a few months of operation, it was found 
that the disk drive of the PC jr. tended to fail with such frequent operation. 
The time-averaging span was changed to half-hourly intervals to save wear 
on the disk drive. This is the same time increment used for the ELF data. 

The two systems now operate in synchronization. 


3. (U) Data-Acquisition System 

(U) The three systems described above (the Los Altos and the 
SRI ELF stations, and the Geophysical Data downlink), operate in concert, 
forming the Geophysical Data-Acquisition System. Figure 3 shows the 
system components and their relationship to one another. Three IBM PC jrs. 
operate 24 hours a day collecting ELF and downlink solar-terrestrial data. 
Data from these microcomputers are processed in the IBM XT to form con¬ 
tinuous data bases. Copies of these data bases are sent to the 
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Data 

Analysis 


1 . 

(U) 

Integrated Data-Analysis 

System 


(U) 

Statistical analyses are 

performed on the data bases 


described above, preferably on the IBM XT for cost effectiveness. Figure 
4 shows the Geophysical Data/Performance Analysis System. Data from all 
direct geophysical sources are input into the IBM XT, where they are 
preprocessed into continuous data bases stored on floppy diskettes. Some 
data extractions are also performed at this time. The data bases and the 
extracted data are read into the Burroughs 6925 computer. The data tapes 
from NOAA are also read directly into the Burroughs computer. The NOAA 
data files are long (16,000 records per year is common), and require the 
high speed of the mainframe computer (and our existing software residing 
there) to correct, process, and extract the geophysical data in usable 
form. NOAA data were further processed to extract subsets of data of 



FIGURE 4 (U) GEOPHYSICAL/PERFORMANCE DATA-ANALYSIS SYSTEM 
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interest, and to summarize the daily number of occurrences of event-type 
data, e.g., solar flares (see analysis section below for details). These 
extracted and summarized data were down-loaded from the Burroughs by modem 
connection to the IBM XT, where statistical processing was performed. 

2. (U) Summary of Data Analyzed 

(II) Data were of two types: RV performance scores and geo¬ 
physical. A detailed description of the analysis techniques appears in 
Section IV-D. In brief, the RV data were analyzed in five separate groups 
according to their generation in separate experimental series. These five 
groups were divided into highest- and lowest-score categories, and epoch 
analysis was performed on the eight subdivisions against each of the 
following geophysical variables: 

• Geomagnetic indices: 

A 

P 

Sum of K 

P 

C 

P 

C9 

• Solar flux at the following frequencies: 

15,400 MHz 

8,800 
4,995 
2,800 
2,695 
1 ,415 
606 
410 
245 

• International Relative Sunspot numbers (Ri) or Zurich Sunspot 
numbers prior to 1981 (Rz). 

• Sudden Ionospheric Disturbances partitioned by: 

Sudden enhancement or decrease of LF atmospherics 
at approximately 27 kHz; further partitioned by 
the intensity of the disturbance. 
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• Solar Flares partitioned as follows: 

All reported flares 
-- Area of flares 

Brilliance of flares 
10-deg segments of longitude 
_ Flares larger than Sub-Brilliant (SB) 

Area of flares 

Brilliance of flares 

10-deg segments of longitude 

• ELF Data: 

19 frequencies from 1 to 30 Hz. 

3. (U) Summary of Data Unanalyzed 

(U) Certain geophysical data were not analyzed for the following 

reasons: 

. Magnetic Intensities at Satellite Altitudes, Solar Protons— 
Although the Downlink system is operational, and the soft- 
ware functions well, there is a difficulty that is inherent 
to the Downlink system. The transmission error rate is 
exceedingly high; erroneous characters are transmitted 
frequently in the data, and would require hand editing--a 
time-consuming and labor-intensive task. Obtaining these 
data elsewhere was discussed with individuals at the SELDADS 
system, who were the data source. It was found that 
summaries of these data do not exist, and that the data are 
archived in a 3-s interval on magnetic tape. One month's 
data require an entire tape, at a cost of $120 per tape. 

We would require about 20 of these tapes for a complete 
analysis of the RV data. Obtaining data by this means was 
impractical from the data-processing and tape-expense 
standpoints. 

• Solar Wind—Only fragmentary time spans of these data were 
available" "from NOAA. It was explained that the antennas 
used to receive data from Pioneer XII and its predecessor 
satellites were redirected to receive signals from the 

„ Martian satellites. 

. Radio Propagation Quality Indices --These data were not 
available on magnetic tape from NOAA. 

• Stanford Mean Magnetic Field—These data were not available 
on magnetic tape from NOAA, however, partial analysis was 
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performed on data entered by hand at TR1. About half of 
the data were analyzed before software difficulties 
prevented completion. 

• Auroral Electrojet, Equatorial Dst Values --Auroral electro¬ 
jet data were not available for the entire time period. 

Existing data for Dst values were sent with an explanation 
that the Japanese were now in charge of acquisition of this 
data set, but had not submitted data since 1981. Dst values 
ended in December of 1983. Three of the RV data sets could 
have been analyzed, but format problems prevented it. Most 
of the NOAA data received on the tapes were in formats 
suitable for direct publication, with titles, headings, 
monthly averages, and comments occurring after each month's 
daily data. In some cases, the day or month was given 

only in the test heading. This format was unsuitable for 
computer data analysis, and extensive software had to be 
written to reorganize the data into a usable format. 

Although such software was written to extract data from 
many of the NOAA data sets , this one was bypassed because 
the data were incomplete. 

* Cosmic Ray Indlces --These data were sent by NOAA in a 
format that would have required extensive software 
development to extract daily values. Although daily 
values are published in the "Solar-Geophysical Data Prompt 
Reports," they are evidently not available on magneitlc 
tape. 

D. (U) Analysis Techniques and Data Preparation 

1. (U) Techniques Used 

(U) The analysis was performed on two computers: an IBM XT and 
a Burroughs 6925. All analyses that did not require the large memory and 
high speed of a mainframe were performed on the IBM XT, at a substantial 
cost savings. In particular, an epoch analysis program was translated 
from ALGOL to C for use on the XT. The C version for the XT has enhanced 
capabilities not available on the ALGOL version. 

(U) Two statistical techniques were used in screening the data 
(1) epoch analysis, and (2) time-lag linear regression and correlation 
coefficients. The epoch analysis was performed primarily on the IBM XT 
machine; the time-lag regressions were done on the Burroughs. While the 
time-lag regressions allowed definitive statistical statements to be made, 
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execution of this program was generally very costly (up to $150 per run), 
so such regressions were done sparingly. 

2. (U) Description of Techniques 

a. (U) Epoch Analysis 

(U) The primary statistical program used to scan the data for 
possible relationships is called "epoch analysis." The purpose of epoch 
analysis is to detect time-lag relationships in noncontinuous, or nonscalar 
data sets of interest, such as "high-scoring viewing days." It will also 
show areas of nonexact time-lag relationships, where correlations will 
not (without further data manipulation such as running averages, and so 
forth). An overview of time periods that may relate to the data of 
interest is given in a quick and cost-effective way. Epoch analysis has 
been used here to indicate which time intervals will be appropriate to 
run time-lag regressions--a technique that is costly and frequently 
inaccurate if the timed relationships are approximate rather than exact. 

(U) The epoch analysis technique compares events with 
other timed data sets (such as sunspot number) at intervals preceding and 
following the event. The program reads two files simultaneously. The 
first file is an event file, the second a data file. The program first 
reads an event, then scans the data temporally backward and forward in 
time around the event. This information is stored, a second event is 
read, and so forth. When all the events and surrounding data have been 
read, a printout is created that lists appropriate cross-correlation 
statistics between the event and data elements. 

(U) As an example, the program calculates the average values 
of a variable, such as sunspot number, for discrete time intervals before 
or after a set of RV events of interest--say, high-scoring days. For all 
days, the technique determines the sunspot number one day prior to high- 
performance RV sessions (the events), the day of, the day after, and so 
forth. It will then calculate the average value for each day (e.g., -1, 

0, +1), then tabulate and graph the results. 
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b. (u) Time-Lag R egression 

(U) This is a standard regression analysis, which offsets 
the time base of the data in specified intervals. This program may be 
instructed to perform sets of regressions of many time lags at a time, 
even with data that are not continuous. Time lags are frequently encountered 
when analyzing solar-terrestrial data with respect to terrestrial events. 

For instance, approximately two to four days may elapse before magnetic 
storms resulting from solar flares are detected on earth. Assuming such 
mechanisms may also operate with respect to RV data, all geophysical 
correlations were carried out for a time-lag range of at least plus or 
minus five days. 

3. (U) Description of Analysis Methods 

a. (U) RV Data 

(U) In order to determine whether RV performance correlates 
with geophysical activity, it is necessary to have access to RV data bases 
that have been quantified. Data bases that meet this criterion, both 
archival and those generated during the subcontract period, were made 
available to TRI for analysis. 

(U) Four sets of RV data were analyzed initially; they 
constitute the primary data base. Each data set is referred to by the 
year in which most of the data were gathered. Table 2 shows the name, 
number of samples, and begin- and end-date for each data set. The RV 
data were processed for the epoch analysis by selecting the dates of the 
highest and lowest scores or ratings for each data set. 


(U) A fifth RV data base was examined near the end of the program, 
generally confirming the conclusions reached on the basis of the primary 
RV data base. 

+ (U) Selection was done by finding high and low scores in which the value 
range contained approximately one-third or less of the total data set. 

In most data sets , more than one session occurred on a given day-- 
frequently with different individuals. In some cases, two individuals 
had extremely high or low scores on a given day (there are comments later 
about individual variability). These data were left intact, e.g., if 
two individuals both scored high or low on the same day, those data were 
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Table 2 

(U) DESCRIPTION OF RV DATA 


Name 

Sample 

Number 

Begin 

Date 

End 

Date 

Comments 

79 

36 

05/14/79 

08/03/79 

6x6 orientation 

80 

97 

01/18/80 

12/14/81 

RVer I .S., Class B 

81 

48 

07/30/81 

10/21/81 

Targeting 

84 (11) 

231 

01/12/84 

08/17/84 

RV Training (II) 

84 (I) 

103 

03/19/84 

07/10/84 

RV Training (i) 


UNCLASSIFIED 


b. (U) Geophysical Data 

• (u) ELF Data--ELF data sets were prepared by concatenating 

the data from several diskettes into a single, long¬ 
term file for both the upgraded Los Altos and the SRI 
data. This was done for daily, half-daily, and half- 
hourly data. 

• (U) NOAA Data--These data required extensive preprocessing 

and specialized software to be written. For example, 
two of the data sets, Sudden Ionospheric Disturbances 
(SID) and Solar Flares, contained multiple reports of 
the same event observed from different stations. 

Indices of location and magnitude of the event fre¬ 
quently do not agree from station to station. Software 
was written to eliminate duplicate reports by extracting 
the single largest report for each event. Extractions 
of single events were done when appropriate. Data files 
were constructed that contained the number or value of 
the events of interest for each calendar day, from 
1 January 1978 until the end of the available data— 
usually 31 August 1984. The dates were checked for 
order and continuity. In event-oriented data files 
such as SID and Flares, events did not occur every day. 


entered twice in the high or low data sets. If one individual scored 
extremely high, and another extremely low (on the same day), that day 
was entered in both the high and low data sets. The exception to this 
was the data set of RVer I.S., Class B sessions. Several sessions were 
carried out on a single day. To create the corresponding high and low 
data files, the mean score for each day was determined, and the high 
and low days were selected using the mean scores. 
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Records containing the appropriate null dates were 
inserted in these data files. Files were also 
prepared that were subsets of the event-type data 
files. Solar-flare data were cross-tabulated in 
10-deg longitude segments by daily dates. Flares 
larger than Sub-Brilliant were cross-tabulated on 
a daily basis by area, brilliance, and longitude 
measurements. SIDs were extracted by LF Atmospherics 
and cross-tabulated on a daily basis by the intensity 
of the disturbance. The same was done for VLF Sudden 
Enhancements (SES). 
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V RESULTS (U) 


A. 

(U) 

Results of Geophysical Analysis 


1 . 

(U) 

Introduction 



(U) 

For many years man has speculated that relationships exist 


between various biological functions and solar activity or its resulting 
geophysical activity. Some empirical observations on the quality of RV 
sessions during periods of known solar activity led to the idea that a 
screening of solar-geophysical variables for correlations might be 
fruitful. If, indeed, measurable geophysical disturbances affect RV 
performance, and these relationships could be defined, the reliability 
of RV-derived information could be determined by considering the geo¬ 
physical environment at the times of RV sessions, and possibly enhanced 
by scheduling. 

(U) This screening of geophysical variables in this report appears 
in the order of gross measurements to refined measurements, which may be 
closer to the actual mechanisms involved in influencing RV performance. 
Because of the fact that changes in most measurable geophysical data are 
initiated by solar activity, geophysical data sets co-vary. Hence, 
relationships were found in several data sets simultaneously. These 
correlations are most likely not due to cause and effect relationship 
between the covarying variables, but rather are the result of one or more 
of the geophysical processes that are driven by solar activity. Although 
correlations to noncausative variables may be useful for forecasting 
purposes, forecasts will be greatly enhanced when the correlations used 
are closest to the actual geophysical-biological mechanisms involved. 

2. (U) Solar Flux 

(U) The solar flux is a measurement of the electromagnetic 
output of the sun at several different frequencies in the megahertz range. 
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-22 -2 -3 

The measurement values are in units of 10 W m Hz These measure¬ 

ments are a gross indicator of the activity on the solar disk. Epoch 
analysis was performed for the high and the low scoring days of each of 
three RV data sets. (No solar-flux values were recorded for most of 
1979 in the NOAA data, and the 84(1) data were not yet available when this 
analysis was performed.) The relationships found by epoch analysis in 
these data were generally unimpressive. 

(U) Time lag correlations were run on two individuals from the 
1981 experiment. Again, although certain correlations were found among 
the mass of data (some of them statistically significant), there was 
great variability between the individuals, and no definable pattern emerged. 

3. (U) Sunspot Number 

(ll) Epoch analysis of RV versus sunspot number was performed. 

A low peak was found between 29 and 35 days prior to each of the four 

it 

sets of high scoring sessions, and a high peak preceded each of these 
sessions by 25 to 28 days. A low trough occurred 19 to 23 days before 
low-scoring sessions in each of the four data sets. On the day of the 
session, the sunspot number was at or above the epoch mean in each of the 
four low-data sets. Out of this analysis emerged three time intervals 
that may enable forecasting: 27 to 30 days, 16 to 19 days prior to the 
sessions, and (for theoretical reasons addressed later) two to four days 
after the sessions. 

(U) To examine the time lags where possible correlations might 
exist, time lag correlations were performed for each individual in the 
groups from 1979, 1980, and 1984. Both positive and negative correlations 
to sunspot number were found. These results also indicated that clustering 
of correlations occurs near the time intervals both preceding and following 
session dates found in the epoch analysis. Overall, 779 correlations were 
performed. Up to 38 correlations at the p = 0.05 level would be expected 


(U) 84(l) data were not processed. 
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to occur by chance. Fifty-six correlations were observed, or about 50 
percent over what would be expected by chance. 

(U) Three time clusters were observed in the significant cor¬ 
relations. In a four-day interval, where 76 correlations are represented, 
the chance number of significant correlations at the p = 0.05 level is 
estimated to be 3.8. The interval from 27 to 30 days prior to the session 
(perhaps reflecting the solar-rotation rate) had eight individuals having 
significant correlations at p < 0.05; two other individuals were very 
close to significance. Another interval from 16 to 19 days prior to the 
sessions yielded eight significant correlations ranging from p < 0.047 
to p < 0.0003. A third period appeared two to four days after the sessions. 
This three-day interval yielded five individuals having significant cor¬ 
relations, and four others having near-significant correlations. 

(U) It can be surmised that because these correlations exist 
in patterns, there may be some phenomenon associated with sunspots that 
could be more closely linked to the actual mechanisms that influences 
RV performance. A likely candidate is the phenomenon of solar flaring, 
and its resulting effect on the terrestrial geomagnetic field. In par¬ 
ticular, the finding that the strongest correlations to sunspot number 
consistently occurred two to three days after the sessions, points to 
flaring. At first one might dismiss observation of RV performance 
apparently forecasting sunspot number. However, if one considers that 
large flares from active regions on the sun (sunspots) can frequently be 
seen before the region rotates onto the solar disk, a hypothesis could 
be formed that incorporates flaring as a possible mechanism, because 
indeed, one can predict increases in sunspot numbers by observing flares 
on the east solar limb. 

4. (U) Solar Flares 

(U) Solar flares usually occur near sunspot groups called active 
regions. The sizes of these flares are classified in several ways by the 
intensity of various characteristics associated with them, i.e., according 
to their X-ray intensity, optical brilliance, area, and radio-wave 
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^-rfioatures. There does not seem to be a readily—available comprehensive 
index that takes all of the their characteristics into account. For this 
reason, flares were subdivided into several data sets prior to analysis: 

* The first set was the total daily number of all recorded 
flares; these flares were further subdivided into 
location of origin in 10-deg longitudinal segments from 
the central meridian of the solar disk. 

• The second data set was an extraction of the larger 
flares from the data. These flares were selected for 
their classification of both size and brilliance. 

Those classified as sub-brilliant or larger were used. 

(The flares were divided by longitude because flaring 
at certain longitudes on the solar disk is known to 
produce greater terrestrial effects than at other 
longitudes. For instance , relativistic energy showers 
most frequently originate from the northwest quadrant 
of the sun.) 

(U) In exploring the theory that limb flaring (flares on the 
edge of the solar disk) may play a role in RV performance, special 
attention was given to this area of the sun. Indeed, as anticipated, 
significantly higher rates of limb flaring were found on the day of (or 
just before) four of five of the high-scoring data sets,* and on the day 
of (or just after) low-scoring data sets in four of five cases.* What 
this implies is that some confidence can be placed on the validity of 
relationship between solar flaring and RV performance. 

(U) Of key interest is the finding that the flares occurring 
on the solar limbs (80 to 89 deg) tend to group with respect to highl¬ 
and low-performance data sets. Large flares occurred on the limbs the 
day of sessions in three of four of the low-scoring data sets. In the 
fourth set, a flaring peak occurred three days later. The number of flares 
was significantly greater on low-scoring session days (more than two 
standard deviations above the epoch period mean) in each case. The days 
following low-scoring sessions continued to have high flare rates across 
the solar disk. (On the other hand, in three of four cases, high-scoring 


(U) 84(1) data were included. 
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data sets were preceded by an Increase in limb flaring by one day. These 
values were near-significant. We shall return to this point below.) In 
addition to the tendency of flares to cluster on poor performance days, 
the numbers of flares was more than double the daily expected value for 
three of the low-scoring RV data sets. 

(U) A speculation from the data is that low-viewing scores might 
be associated with flares (occurring on the east limb) rotating onto the 
solar disk (because of the numerous flare peaks observed at all locations 
on the disk following poor RV sessions). By contrast, high scoring might 
be associated with regions rotating off the west limb of the solar disk 
because of the fewer flare peaks following good sessions. Indeed, when 
diagrams of solar-active regions were examined for the first set of 1984 
data, nine of ten of the low-scoring days showed active regions near the 
east limb. On the other hand, eight of ten of the high-scoring days 
showed active regions near the west limb. 

(U) Based on the observation that, statistically, limb flares 
coincide with and follow degraded RV sessions, but precede enhanced RV 
performance by one day, a speculation could be made that there may be a 
close time relationship for enhanced and degraded RV sessions. In 
hypothesizing which solar-terrestrial changes could cause changes in RV 
performance, the observed rapidity of change and the reversal of the 
character of the effect must be taken into consideration. The following 
scenario is suggested. As a new active flaring region rotates over the 
solar limb, associated with it is some kind of a fast-acting phenomenon 
that requires a day or less to produce terrestrial effects. The terrestrial 
effect must be relatively brief, and of a character that is capable of 
both degrading and enhancing RV performance. An example of one such 
phenomenon is the Sudden Ionospheric Disturbances (SID) caused by X-ray 
and other electromagnetic-radiation bursts associated with the flaring 
process. SIDs can both enhance and decrease the quality of global 
electromagnetic signal propagation--possibly at biologically-active fre¬ 
quencies. A specific type of SID, a direct solar-flare effect (SFE), 
causes geomagnetic effects observed simultaneously with solar flares. 
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Another mechanism could be proton storms resulting from high-energy 
flares. Very-hlgh-energy flares can accelerate particles at near- 
relatlvlst1c speeds; these particles are capable of reaching earth In a 
matter of a few hours. Magnetic storms may accompany the arrival of 
this high-speed solar wind. Either of these two mechanisms could explain 
the immediacy of the observed effect. 

(U) With regard to the tendency for RV performance to first be 
degraded then enhanced, one might speculate on possible mechanisms for 
bipolar behavior based on, for instance, known patterns of magnetic storms. 
If RV performance were correlated with the intensity of the earth's 
magnetic field, then the following known variations that occur as part 
of the magnetic storm process might be capable of introducing the observed 
patterns into RV performance. Typically, the storms that begin suddenly 
start with. 

(1) A sudden increase in the horizontal (H) component of 
the earth's magnetic field; they then 

(2) Have an initial phase lasting a few minutes to a few 
hours, during which H decays to prestorm values; 

(3) This is followed by a main phase lasting about one to 
three days in which H is below the prestorm value, 
first decreasing, then increasing more slowly toward 
the prestorm value--many large random variations 
occur during this phase; 

(4) There is a postperturbation period after the end of 
the main phase, in which the value of H continues to 
rise toward, or perhaps above the prestorm value; 

(5) The last phase is an increase in the daily variation 
of H, which increases with increasing latitude. If 
RV performance correlated with magnetic intensity, 
patterns would certainly be found during the magnetic 
storm. 


5. 


(U) 

(U) 


Magnetic Indices 


G , and C9 were 
P 


Four magnetic indices, the sum of K . A 

P P 

screened with respect to RV performance. K is a quasi-logarlthmic 

index of geomagnetic stations between latitudes 47 and 63 deg. K is 

p 

specifically designed to measure solar particle radiation by its magnetic 
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effects. A is a daily index of magnetic activity on a linear scale 

P 

rather than on the quasi-logarithmic scale of the K indices. It is the 

average of the eight values of an intermediate three-hourly index A p , 

defined as approximately one-half the average gamma range of the most 

disturbed of the three force components D, H, and Z, in the three-hour 

interval at standard stations. The C index is derived from the K 

P P 

indices by converting the daily sum of A^ into the range of 0 to 2.5. 

The C9 index is a geomagnetic character figure obtained from the index 

by reducing the C values to integers between 0 and 9 according to certain 
P 

keys. All these values are closely related, and, not surprisingly, gave 
similar results in the epoch analysis comparing them to RV performance. 

(U) The four sets of RV scores yielded remarkably similar 

patterns with respect to , and corroborated the solar flare findings 

extremely well. In each case, values were above the epoch mean the day 

preceding low RV scores, decreasing in all cases on the day of the sessions. 

In three sets, the decrease fell below the mean; in the fourth case, the 

value dropped considerably and was only slightly above the mean. The 

next day's values of this data set continued to decrease and were below 

the mean. Conversely, in the sets of high-scoring days, all four sets 

showed K indices that were below the epoch mean the day before the 

P 

sessions and increased to values above the mean in three of the four data 
sets. The fact that these patterns were replicated in the majority of 
the test data sets, and that high- and low-scoring data sets yielded 
inverse patterns with respect to is a strong indication of a valid 
phenomenon existing. Therefore, what we found were strong similar patterns 
in the geomagnetic data with respect to RV performance. The geomagnetic 
field was quiet just before all high-scoring sessions, then became more 
active the day of the session. Magnetic activity was higher than normal 
one to five days prior to low-scoring sessions. This would suggest that 
RV sessions be performed when the activity of the geomagnetic field is 
on the increase after a quiet period. 

(U) Comparing these consistent results with the results of the 
solar flare analysis shows that there is evidence for the standard 
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one-to-four day time lag between flare and subsequent magnetic activity. 

The magnetic indices are increasing on Day 0 (the day of the sessions), 

they continue to increase the day after the statistical flaring, then 

decrease in two to five days. Results using A , C , and C9 indices were 

P P 

similar: the best definition appeared to be seen with the K index 

p 

followed by A^, , and C9. For forecasting purposes this is fortunate. 

The K (and A ) are readily available by means of the satellite downlink, 

P P 

C and C9 are not. 

P 

6. (U) SIDs 

(U) Sudden ionospheric disturbances result mostly from flaring 
of the sun, although not all flares cause SIDs, and SIDs can also result 
from unknown causes. SIDs are basically a disturbance of the upper ionized 
layer of the atmosphere called the ionosphere, specifically in the D region. 
During SIDs, radio waves at medium frequencies are strongly absorbed and 
long-distance communications fade out. Cosmic radio noise at 15 to 25 MHz 
is absorbed and also fades. At very low frequencies (15 to 40 kHz), 
however, the D region becomes a reflector, and atmospheric radio noise is 
enhanced. A SID is marked also by a sharp brief geomagnetic disturbance 
that behaves differently from a magnetic storm. SIDs are classified 
according to their intensity and types of terrestrial effects. 

(U) Although many classifications exist, the two most common 
(known to enhance low-frequency transmission) were extracted from the 
data base; i.e., those classified as enhancing atmospherics, as measured 
at 27 kHz (SEA), and those which enhance signal strength in VLF trans¬ 
missions (SES). (The effects of SIDs on ELF is not monitored and is 
unknown.) 

(U) The results of the epoch analysis on SIDs correspond well to 
the results of the solar-flare and the magnetic analyses. While the SEAs 
showed some corroborative patterns, the results of the analysis on the 
SESs were remarkable. The results of the SIDs analysis are similar to 
the analysis of the occurrence of peaks of solar flares. That is, there 
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are fewer peaks occurring around the times of high-scoring sessions than 
low-scoring sessions. There are more strong SIDs peaks on the day of, 
and after low-scoring sessions. A SIDs peak of importance (magnitude) 

"1" or greater occurs on the day of the low-scoring sessions in four of 
the data sets. Peaks of SIDs also occurred on the day of the session in 
four of five years of the high-scoring data sets, and on the day prior 
to the sessions in the other data set (1979). Therefore, nine of ten of 
the data sets had an SES-type SID occurring on the day of the session. 

The remaining data set had a peak in SIDs occurring in close proximity 
to the session—on the day before. 

(U) It appears that SES-type SIDs are a good candidate for the 
previously hypothesized fast-acting result of solar activity that could 
influence RV performance. A peak of SES-type SIDs have occurred on or 
near every case of RV extreme-score sets. We speculate that there is some 
quality of the SID that is associated with the observed bipolar effect, 
resulting in both high- and low-quality RV performance. A quality of 
SIDs that might produce bipolar effects could be selective electromagnetic 
propagation. If SIDs selectively propagate certain VLF or ELF frequencies, 
it would not be surprising to find differing biological responses to 
frequency and intensity changes—assuming biological responses to ELF 
exist. Laboratory studies of ELF magnetic and electric fields (see 
references to work of Adey and others in Bibliography) suggest such ELF- 
biological relationships. An additional possibility to account for bipolar 
behavior might be the frequency characteristics of the atypical magnetic 
activity that accompanies SIDs. This can be accomplished by direct measure¬ 
ment of geomagnetic ELF, described in the section below. 

B. (U) Results Pertaining to ELF 
1. (U) Introduction 

(U) The ELF environment, both naturally-occurring and man-made, 
is one good candidate for the mechanism by which many types of biological 
responses are produced. Laboratory studies have shown both sensitivity 
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and selectivity in biological responses to specific frequency and intensity 
windows. The intensities found to be biologically active are very weak, 
and fall in the same ranges as naturally-occurring magnetic and electrical 
fields. For our initial effort, we selected the frequency window of 0 
to 30 Hz for two reasons, one pedagogical and one practical: 

• It is the frequency range of the known electrical activity 
of a human being—particularly brainwave frequencies. 

• It is necessary to filter out 60-Hz power-line noise, 
and simple electronic 60-Hz filters begin cutoff at 
about 30 Hz. 

With regard to the latter point, although sharper filters are available, 
they are elaborate and expensive. For this exploratory investigation, 
the most cost- and time-effective route was chosen. 

2• (U) Intercomparison of ELF Systems 

(u) A number of comparisons between the various components of 
the ELF monitoring system have been made. The systems compared include 
the prototype system at TRI involving the use of the oak-tree bioantenna, 
the upgraded system at TRI involving use of both the oak tree and a coil 
antenna on loan from the Radioscience Laboratory at Stanford University, 
and a duplicate upgraded system at SRI involving use of an oak tree. 

(U) Correlations were performed between ELF data sets generated 
on each of the systems. Although variations existed, by and large the 
correlations indicated statistically-significant tracking between the 
various systems, including the comparison of key concern--tracking between 
the duplicate upgraded systems at TRI and SRI, 17 km distant. In fact, 
tracking between the separated TRI and SRI systems, both utilizing oak- 
tree antenna, was somewhat better than tracking between the oak-tree and 
coil antennas, both at the TRI site. 

3. (U) ELF/RV Compari son 

(U) Epoch analyses were carried out to determine correlations 
between ELF and RV data sets for those periods of overlap in operation. 
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With regard to the prototype ELF system, whose data base began in May of 
1982, the 1984 data base (before the fifth data base was added) was the 
only one available for comparison. Examination of the correlation graphs 
in the epoch analysis revealed some tendency (over time spans on the order 
of days) to inverse relationship between ELF and RV ; that is, a tendency 
for ELF to be low in the vicinity of high-scoring days, and vice versa. 

There were not sufficient data of sufficient definition, however, to permit 
statistically-significant conclusions to be drawn. 

(U) Beginning in June 1984, the upgraded ELF system became 
operational. RV data collected from then through August provided an 
opportunity to perform preliminary epoch analyses for a small sample of 
RV data (four cases each for high and low scores) on a half-hourly basis. 
(This is to be compared with the half-daily basis of the prototype ELF 
system.) An apparently consistent pattern that emerged in these analyses 
was a change from low-scoring sessions to high-scoring sessions during a 
rapid rise in ELF values; the separation between the two was on the order 
of an hour and a half (range one-half to two hours and a half). This 
appears as another example of bipolar effect mentioned earlier with 
respect to geomagnetic activity, where rapid crossing from below- to above- 
average activity on the days of extreme-scoring sessions was also observed. 
The time/funding scope of this level-of-effort project did not permit 
further exploration of this emerging relationship between ELF (and other 
geophysical activity) and potential rate-of-change effects on RV per¬ 
formance. This area appears to show exceptional promise, however, and will 

be pursued in a follow-on program. 

(U) The emergence of a possible relationship between a period 
of time when the data are changing at a rapid rate (rather than peaking) 
is not surprising in light of known mechanism of biological processes. 
Several biological processes function by means of rates-of-change of 
stimuli in preference to any particular absolute values of those stimuli— 
if the intensity of the stimuli fall within certain ranges. 
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VI EVALUATION AND RECOMMENDATIONS (U) 

(U) This study has a threefold purpose: 

• To determine whether geophysical factors correlate with 
RV performance. 

• If correlations are found, to identify which geophysical 
factors correlate with RV performance with enough lead 
time that RV performance could be forecast in advance. 

• Xo optimize the potential for forecasting by seeking those 
geophysical factors that constitute the best candidates 
for the mechanism by which observed effects on RV per¬ 
formance are produced. 

(U) Some degree of success has been achieved in all three categories. 

Significant correlations of some significance have been found to exist 

between RV performance and solar flux values, sunspot number, and magnetic 

indices M A , C , and C9. Epoch analysis has shown that flares and 
P P P 

resulting SIDs have a strong tendency to cluster in certain time intervals 
with respect to extreme-scoring RV sessions. Flares, especially those 
on the solar limbs, tend to occur on the day of low-performance RV 
sessions, and on the day preceding high-scoring sessions. 

(U) SIDs resulting from flares may produce a bipolar effect, such 
that an intimate time relationship exists between high-scoring and low- 
scoring sessions. Epoch analysis on SIDs show enhanced sudden enhance¬ 
ment of signal strength in VLF (SES) on the day of, or before, both high- 
and low-scoring sessions. 

(U) Evaluation of the ELF environment with data from the prototype 
ELF monitoring system revealed patterns in ELF measurements a number of 
days preceding the sessions which were oppositely configured over time 
with respect to high-and low-scoring sessions. 

(U) A very encouraging aspect of this study is the corroboration of 
the findings by all of the various data sets examined. The relationship 
of geophysical phenomena to RV performance may be traced from solar 
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activity, to terrestrial activity-including SIDs and geomagnetic activity. 
All of these data sets appear at specific time intervals, which are known 
to occur with respect to each other, and at definable intervals with 
respect to the RV performance data. 

(U) The following conclusions have been reached as a result of this 
data analysis: 

• Correlations between several geophysical phenomena and 

RV performance are significant, and have a high probability 
of constituting a valid cause-effect phenomenon. 

• Time periods of low-scoring sessions cluster (within 24 
hours or less) with high-scoring sessions. This suggests 
that the mechanism that influences RV performance has a 
bipolar effect. 

ELF appears to be a reasonable candidate for a linking 
mechanism; it is capable of changing rapidly, is most 
likely affected by SIDs and other solar effects, and 
specific changes have been noted at the times of the 
sessions . 

• Should further in-depth statistical studies confirm the 
results to date, a successful long-range forecasting 
system could possibly be developed using a combination 
of solar-terrestrial and monitored ELF data. Solar- 
terrestrial correlations were significant, but the time 
intervals are not yet defined accurately enough for 
reliable forecasting. Successful forecasting might be 
accomplished by using solar-terrestrial data to identify 
approximate time periods when enhanced and degraded 
performance is expected. Then, by monitoring the ELF 
environment during these periods, the exact effects can 
be known or anticipated. 

(U) The objectives of a follow-on effort should be to (1) confirm 
the findings (especially with respect to the ELF data), (2) seek finer 
time resolution, and (3) clarify the mechanisms involved in the RV solar- 
terrestrial relationship. The final product of such an effort would be 
trial forecasts in a blind study in order to determine whether forecasting 
(and its companion, scheduling) can lead to increased reliability of the 
RV process. 


36 

UNCLASSIFIED 


'Approved for C02574264' 


Approved for C02574264 

UNCLASSIFIED 


VII SUMMARY (U) 

(U) Past experiments in RV have shown considerable variability in 
RVer performance over time; that is, RVers are seen to perform better at 
some times than at others. This variability has not yet been fully 
explained nor examined in detail. The possibility exists a priori that 
performance might be affected by certain external factors. If this is 
the case, identifying these factors and understanding the way they influ¬ 
ence a trainee’s performance could lead to significant improvement in the 
RV product. 

(U) As a starting point, human beings have been shown to be sensi¬ 
tive to certain forms of electromagnetic radiation that are known to 
exist in the geophysical environment; there is also some evidence that 
certain aspects of human behavior and performance are related to changes 
in yet other aspects of the geophysical environment. An important question 
relative to RV performance is the extent to which a trainee's performance 
is subject to such electromagnetic or geophysical factors. Investigation 
of this question is necessary in the course of developing a reliable RV 
capability. The results of such an investigation would show whether RV 
performance is influenced by these factors, and, if so, the degree to which 
such influences can be controlled, and whether they point to directions 
for further research into the fundamental nature of psi function in its 

broadest sense. 

(U) The project described in this report is a first step in the 
process of determining the relationship between RV performance and 
various environmental factors. This project had a two-part aim. First, 
it was necessary to set up an environmental monitoring facility for real¬ 
time measurement of certain variables, and to identify available, reliable 
sources of other environmental data. Second, the degree of correlation 
between the available environmental data and the RV results needed to be 
developed. In this report, we describe the monitoring facility and the 
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specific environmental variables, and a preliminary analysis of the cor¬ 
relations between RV performance and these factors is given. Some inter¬ 
pretation is also provided as an aid to planning future work along these 
lines. 

(U) Basically, in the monitoring facility we detect and record the 
local geomagnetic field, using a Fourier analysis technique to separate 
the various frequency components in the electromagnetic spectrum (in the 
range 0 to 30 Hz). A prototype facility had been in operation for more 
than two years, and some relatively coarse data were already available 
when the project began. These data, and the experience gained while 
gathering them, were used to design and calibrate more precise instrumen¬ 
tation for this program. Data from these systems were then used in the 
investigation to correlate against RV performance data for the corresponding 
time period of operation of this facility. An equally important part of 
the project consisted of correlating RV performance data against other 
geophysical observations available from the National Oceanographic and 
Atmospheric Administration--some of it by real-time acquisition from a 
Westar IV satellite downlink installed specifically for this purpose. 

i (U) As shown in this report, several significant correlations have 

been found between various geophysical factors and RV performance. These 
correlations have a strong tendency to cluster in certain time intervals 
with respect to high- and low-performance RV sessions. In some cases, 
the clustering precedes the correlated RV activity, thereby yielding the 
possibility of performance prediction, should such correlations continue 
to be viable in further work. 

(U) Among the most interesting correlations to RV performance found 
are flares occurring on the sun, especially those on the edge (limbs) of 
the solar disk. These flares play an important role in producing upper 
atmospheric disturbances known as SIDs (sudden ionospheric disturbances), 
which influence terrestrial radio-signal propagation. SIDs are known to 
block higher-frequency communications, but at the same time, to enhance 
lower-frequency propagation at LF and VLF frequencies. Although the 
effect of SIDs on the yet lower-frequency ELF portion of the electromagnetic 
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spectrum is unknown, it could provide a promising link between the solar- 
terrestrial environment and known electromagnetic effects on biological 
processes. With regard to ELF itself, preliminary evaluation of the ELF 
environment in half-hourly time intervals has shown a possible relation¬ 
ship to frequencies between 10 and 30 Hz, particularly as ELF intensities 
change from below average to above average values. 

V Considering the modest level-of-effort for the survey 
of geophysical/ELF factors, and their possible relationship to RV per¬ 
formance, a considerable amount of progress has been made in delineating 
potential correlations of value. What can be said at this point is that 
this pilot study provides evidence that the quality of RV functioning may 
be intimately related to the geophysical environment. What remains to be 
done is (1). an in-depth statistical evaluation of those findings of this 
study that were strongly intercorroborated by the various data sets used, 
and (2) a structured attempt at blind RV performance forecasting. As a 
result, continued collection and analysis of such data will be pursued 
to determine whether the correlations found are stable over time, and 
will thus provide a solid continuing basis for RV performance prediction. 
From both scientific and practical viewpoints, knowledge of this kind make 
it possible' ^ to consider methods for\ 

enhancing the overall RV product^ 
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This work by N.P.Ben'kov is devoted to a study of magnetic 
storms and the electromagnetic processes responsible for them. 
It contains a surrey of the literature on this topic, a classi¬ 
fication of storms, a description of the morphology of the phe¬ 
nomenon, and a calculation of tlje ertra-ionosphere, responsible 
for the regular parts of the magnetic disturbances. It also 
contains a description of individual storms and of related e- 
lectric currents. One of the Cliapters is devoted to the elec¬ 
tric currents induced by the field of magnetic storms in the 
conducting layers of the earth. < This work is of interest for 

i 

specialists in geophysics, scientific workers, postgraduate 
students, students taking advanced courses, and specialists in 
the field of ionospheric physics. 
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~| INTRODlCTION 

□ Magnetic storms, i.e., rapid random escalations of the intensity vector of the 
□geomagnetic field which from time to time disturb the normal march of the magnetic 
~ elements, constitute one of the most interesting geophysical phenomena. They were 

□ first discovered at the very dawn of the development of geomagnetic research, when 

I the only magnetic instrument available was| the magnetic needle, and have long attrac| 

□ ted the attention of both navigators and scientists. The Arkhangelsk seafarers, \ 
□sailing on voyages in the basins of the White Sea and the North Arctic Ocean, noted J 

’□unexpected and random fluctuations of the needle, frequently coinciding with auroral 

□ displays in the sky. "Our little mother deceives us when the North glows" * is a 
well-known maritime proverb which runs back to the middle of the Eighteenth Century, i 
.At present, when not only magnetic, gyro hnd astro-compasses but also complex radio- f 
navigation and radio control systems are used for marine and aerial navigation, when' 
shortwave radio is the principal means of conmmnication in times of peace and war, 
the study of magnetic storms has become of still greater practical interest, being a 
necessary element of the theory and application of ionospheric propagation of radio 

•waves. 

The theoretical significance of the study of magnetic storms is likewise very 
great and not primarily, for geomagnetism itself, in which the problem of the irregu- 

» The dis covery of magnetic storms is usually attributed to Hiorter who, in 17U, 
discovered the irregular fluctions of the magnetic needle. There is, however, reason 
(Bibl.30) to assume that they were known to Russian sailors in Northern waters. 
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' ~ 3 Sr yariatibiis oVcupie B " a"pi?iiculiirly import^' place; but'also for other divisionsj 
! ~of geophysics, such as the physics of the_upper l^«’S_of ths atBosphere, the study' j 
~of the aurora polaris, the cosmic rays and the earth currents. Since the electromag-i 


' netic processes of the earth»s~atmbsphere jare'prioarily'due to solar radiations of 
- all forms, there is an intimate relation between the departments of geophysics and of 
~ heliophysics. Magnetic storms, in particular, were the first geophysical phenomena 
-jfor which a correlation with solar activity was discovered and which yielded abundant' 
'.material from the solution of a number of (problems related to solar radiation and 

behavior of the active regions of the solsjr envelopes. 

The study of magnetic storms, the regularities in their course, and the electron 
magnetic processes causing them, concede the subject matter of the present work. | 

Section 1. General Discussion of th e Theories of Magnetic Storms. 

Despite the great efforts made by geophysicists of several generations in study-; 
ing the morphology and nature of magnetic .storms, many essential questions still 
remairt controversial. This is explained, both by the complexity of the phenomenon 
which requires the attentive study of a large amount of empirical material for the . 
clarification of any regularities at all, and its intimate connection with ionospher¬ 
ic physics and heliophysics. A quantitative theory of magnetic storms is given its . 
necessary empirical base only when we know reliably the composition of the upper 
layers of the atmosphere, the velocity and laws of motion of air masses, the laws of 
radiation by the undisturbed solar surface, and by the active formations of the sun. 
The exceptionally rapid development of ionospheric a nh solar physics, which owes 
much to the work of Soviet scientists, allows us to expect that the combined efforts 
of geophysicists and astronomers will lead in the near future to a solution of these 
problems. 

But even today, the basic stages of the theory of magnetic storms have already 
been marked out. As far back as 200 years ago, 'the hypothesis was postulated that 
magnetic storms are caused by minute particles of matter flying from the sun. The 
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data aubae^ently accused on th. geographical distribution of mastic activity, 
on it. fluctuation, with tin., and on ita correlation with aolar activity, confim 
thia via*, and th. works of a number of geophysicist, (Arrhaniua, Anganhaiatar, and 
mainly Stoermer, Birkaland, Chapman, and Alfvan) laid th. aciantific foundation for 
th. corpuscular thaoriaa of MP >.tic atom,. Tha existence of a corpuscular radiation 
from th. aun, propoaad to explain magnetic atom, and th. aurora polaria and suoc.s- 
afully uaad to aolv. a numbar of oth.r problems, .till remained a hypothesis until 
recent year,. It was only in 1950-51 that measurements of th. Doppler shift of the 
hydrogen lines in the spectra of th. aurora confirmed the penetration of a stream of 

particles into the upper layers of the earth's atmosphere. 

The modem corpuscular theories of atoms are based on a chain of independent 

problems, beginning with th. . — * «* — 
the dynamics and electrodynamics of th. corpuscular stream en route b.twaen th. sun 

and th. aarth, and ending with th. electromagnetic processes taking place on the 

earth's surface as a result of th. interaction of the corpuscular stream with th. 

permanent magnetic field of th. earth and th. earth's atmosphere. The constmction 

of th. system of electric currents, which constitutes the immediate causa of th. 

fluctuation*of th. magnetic field during tha time of a atom, occupies a position of 

considerable importance among th. links of this chain. The mechanism of excitation 

of thes. currents is in many respects still obscure, and th. vary existence of the 

currents ha, not yet baen confimad by direct observations, as has been don. for tha 

currants responsible for th. regular diurnal variations of th. magnetic field *. In 

its present phase, however, geophysics offers no other hypothesis of .qua! value to 

T Measure ments of th. magnetic field at greataltitude. by means 

magnetometers installed in rockets, have ionosphere. This dis- 

the variation of the field.at the 1 leTe l of 90-105 km, 
continuity confirmed the exist ^xanal variation, explain the quiet 
which might, judging by their in 0 / the magnetic field. The hypothesis of currents 
diurnal variations (S -variat postulated by B.Stewart long before 

SrSeSa^tfc £ E SS “op*— •* - — - e * ^ 

methods• 

F-TS-8974/V 


roved for Rel 


aci 


6028201 










C06028201 


roved for Rel 




06028201 


explain the field of geomagnetic variations, without assuming electric currents ex¬ 
ternal to the earth’s surface. According to the Chapman-Ferraro and AliVen corpuscu¬ 
lar theories of magnetic storms, which are widely recognized today, the excitation 
of these currents in the upper layers of the earth’s atmosphere, and beyond it, as 
a result of the action of a stream of solar corpuscles is a physical reality. Other 
authors consider the field of magnetic disturbance to be the direct field of flying, 
charged corpuscles of solar origin. This view evokes two remarks. First, motion of 
electric charges at high velocity is identical with an electric conduction current, 
and thus, this view cannot be opposed to the current theory of magnetic storms; 
second, considerably more theoretical and empirical arguments can be opposed to it 
than can be cited in its favor. The ultraviolet theory of magnetic storms*, ac¬ 
cording to which the prime causes of magnetic disturbances are outbursts of wave 
radiation, likewise reduces the effect of the disturbance of the upper layers of the 
atmosphere to the formation of certain additional current systems. 

For an explanation of the S q -variations, a diamagnetic theory had been advanced 
previously. According to this theory, the upper conducting layers of the atmosphere, 
due to the rotation of charged particles about the lines of force of the permanent 
magnetic field are, as it were, magnetized. The magnetic field of these layers, 
superimposed on the permanent field, forms the diurnal fluctuations of the magnetic 
elements. As a result of the work by Tanm (Bibl.3l) and others, this hypothesis has 
been recognized as unfounded. However, even if the possible existence of a diamag¬ 
netic effect were not open to fundamental objections, it would be quite impossible 
to use the hypothesis for explaining such complex fluctuations as are observed dur¬ 
ing magnetic storms. For any view of the mechanism of action of a geoeffective 
solar stream on the magnetic field of the earth, it seems that the iumediate causes . 
of the fluctuations of the magnetic field during a disturbance are electric 

This the o r y developed by Meyers and Hulbert, is at present time the object of 
violent criticism. 

. «»• 
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surrents* excited in some manner outside the earth-s surface its.U, and by induction 
ita depths. Thus an explanation of the morphology and nature of these current, is 
„ fundamental significance for the developaent of the theories of magnetic storms. 
The calculation and discussion of the electric currents responsible for magn 
storms is the primary purpose of the present work. 

» 

Section 2. The Electric Curre nt Systems of Magnetic Stor ms 

The problem of finding the density and conflation of the currents from the 

one. However, by calUng on supplementary information from other fields of geo- 
physics, the number of possible solutions is narrowed, leaving only one or two pan- 
ameters indeterminate. For example, the very plausible hypothesis was foliate 
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6 8 10 « » 16 18 20 22 /m 

17 VII 

Fig.l _ storm of 17 July 1947 

Magnetograms of Krasnaya Fakhra Observatory 

that the currents, responsible for the guiet diurnal variations, flow in a spherical 
Uyer concentric with the earth-s surface. This allowed calculation of the sys em 
nf currents of the S q variations by means of spherical analysis and served as a basts 
for the formulation of the p^sical theories of the S q . Only one parameter, the 
height of the current layer, still remained indeterminate in the calculations o e 
Sq .layer. Its value was found by consideration of experimental data on the 1— 

ITTi^^arily conduction currents. It is possible that the disturbances in the 

. , a neculiar type of discharge currents, 

polar region are connected with a peculiar yp 
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ation of the D and E layers of the ionospjiere. 

The situation uith re.peot to questions of the construotion of the curran. 

for as. fleXa Of perturbation la considerably less favorable. 

, .I... . , devoted to this subject, it baa not yet been 

* ^ largS n ” ber ° f P ^ f | thi6 10 tho above-mentioned complexity of 

definitively solved. The main reason or If tho calm (quiet) dluxtal 

the fluctuations of the magnetic elemental during as. 

, oert Lf Flg.l) that a simple averaging of th. 

variations are so regular (cf. loft p p g 

* , , . + i._ ■]of variation of tr • 

. „+>, mifficient to determine the law 01 

data for a few days in a month is sufliciem, o 

., storms (as will be seen from the right side of the same 
. magnetic elements, magnetic storm K , . 

. Lj -+ first glance completely random p 

’ figure) belong to those very capricious a|id 

: z —-..—v i 

: _» . see. e - rn—- •' “ ” 

„ 4 nmnlitudes and frequently of utterly irregular form, 

_ (rapid fluctuations of various amplitudes ana q 

J follow each othar without apparant rarity). distribution of tb. vector, . 

■ the disturbing fore, in span, is also extremely complex. *■» - -*** ° 

- tb. oscillations at diffarent stations, pUlcul^ly tbes. located in differen 

- itudea, often bear little similarity to aaeh ether (Elg.2). The ron^ gu^tativ. 

• characteriatica of the field of mastic atoixa (the disturbs, is gr.atar in high 

- than in low latitudes, greater in tbs evening than in the -ruing, etc.) have long 
I b .,„ ta oun. However, in order to study with mors rigor the morphology of th. fiel , 

- by lt8 spatial and time variations, the accumulation of a large amount of empiric 

- material was necessary, with long aarl.a of obaarvntory date at a large number of 

i geographical points. While Schuster disposed of tbs annual data of seven observe 
! toriea in his calculation of th. potential of th. quiet diurnal variations, which j 
allowed him to gat an ids. of the system of currants that well represents tb. — I 
| features of tb. field, th. worhup of mat.ri.ls from 22 obaarvaterla. to a few year. 

1 permitted Chapman to find only the general outline, of the morphology of the atom , 

field. 
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Th. second difficulty produced by the complex structure of the storm field in 
studying the causative electric currents, is the need for a special mathematical ap- 
paratus suitable for an analytical representation of the field and for the calcu¬ 
lation of the current function. Spherical analysis, which is successfully used to 
represent the pendent field and the quiet diurnal variations, has pennitted so- 
lutions of a number of fundamental problems of the structure of these fields, 
is practically useless for the investigation of fields with a complex geographical 

distribution. 

an attempts mad. until now to construct a system of electric currents with 
fields equivalent to the fields of magnetic stones, were based on modest empirical 
material and were calculated by an approximate method (Chapman), or else were based 
on data relating to only a limited part of the earth-s surface (for instance, a few 
polar stations) and were calculated under very narrow a priori assumptions (for in- 
stance, the postulate advanced by Birkeland, Cnevyshev, and others as to linearity o 
the current), is a result, these systems of electric currents do not represent (with 
the accuracy that is desirable for theoretical and practical problems) the geographic 
distribution and time regularities of the field of ^etic stones. Moreover, they 
have been constructed without proper division of the field observed on the earth 
surface into the parts of external and internal origin, without Investigating the 
question of potential, and without considering a nu^.r of other questions whose so¬ 
lution could be obtained only by means of the analytic representation of the field. 

Most of the known current systems, and in particular the system of Chapman, 
which is cited in all manuals and textbooks on terrestrial magnetism, are average 
systems, equivalent to an average mgnetic storm. The literature contains only few 
works devoted to the study of eleciric current, of individual aagnetic storms and to 
the relations between the average and individual pictures. It follows from this 
that there is very great need for a new construction of the current systems of mag¬ 
netic storms, based on the most complete possible empirical material and performed 
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by analytic methods. 

The publication of observations of magnetic observatories during the Second 
^ ) ' 30 International Polar Year (1932/33 )> ' wa3 

60 » _ J - 200 * completed in the 1940* s. During this year, 

+ 7 ^ 


- 200 * over 60 observatories were in action. The 
publication of the observations of a number 
J* 30 of Arctic observatories for later years, 

2* 100 places a rather broad empirical material at 
<1 100 • our disposition today. The use of this ma¬ 
terial, particularly abundant for the high 
jfioo’ latitudes of the Northern Hemisphere, and 
_ , the application of new analytic methods, 

: _• has enabled me to construct systems of e— 
lectric currents that are more reliable 
than those heretofore known. The discus- 

J * 30' 

-j_ lM , sion of the electric currents so obtained, 
*J. )00 ■ from the viewpoint of modern ideas on the 

morphology of the ionosphere on a disturbed 
J. ioo* day, helped to explain the parameters of 
[- 100 * these currents and to formulate certain 
1 •* 30* conclusions on the mechanism of their ex- 
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Fig.2 - Storm of 8 April 1947 

Magnetograms of Observatories: 

Sitka (60°), Tucson (50°), 
Cheltenham (40°), San Juan (30°)> 
and Honolulu (21°) 


citation. A consideration of the magnetic 
field on individual days made it possible 
to follow the development of the electric 
current systems of individual storms, and 
it was found that the current systems of 
individual storms may be regarded the re¬ 


sult of fluctuations of am average system. The use of analytic methods made it pos- 
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;B ibl. to divide the field of dieturbanc. into port, or extend and internal origin, 
and, on th. basis of thss. parts, to judge th. electromagnetic parM.st.rs or th. in- _ 

terior of the earth. 

Section 3. Content of thia Report 

It follows from tha objects of this report, given in Section 2, that it inelndes 
two parts, a geophysical part comprising a study of th. morphology of magnetic stem, 
and of th. disturbed ionosphere, and a mathematical part giving th. development of 
practical method, of calculating the electric current, from th. observed distribution 
of th. magnetic field, to satisfy th. specific requirement, of our problem.- Th. geo- 

physical part covers the following points: 

1. Classification of magnetic disturbances and separation of the perturbation 

field into individual parts. I consider that two groups of stoma must be disting¬ 
uished: world (M) and polar (P). Th. field of a worldwide stem, a, stated by 
Chapmm, is mad. up of three P«ts: an aperiodic part or, a. it has been customarily 
called in all the earlier literature on geomagnetism, -the stomtim. variations- 
(D 3t ), th. disturbed diurnal variation. (S D ), and th. irregular part 0>l). However, 
th! worldwide atoms are always accompanied by a series of superimposed polar dis¬ 
turbances. Th. subdivision of th. field of a worldwide atom must therefor, be made 

by means of a four-term equation 

D si + S D J f' D t^~ P ' 

The methods of calculating th. various part, of th. field are described while 

Chapter II is devoted to the exposition of these questions. 

2. Chapter III is devoted to a description of th. geographical distribution of 
th. field of D st . Th. same Chapter gives th. calculation results for th. potential 
end currents of th. field of D,*. The comparative simplicity of th. field allowed 
os to us. th. method of spherical analysis. Two alternate systems of currents were 
calculated: th, ionospheric layer of current, and an equatorial Mctra-ionospherac 
current ring. The ratio between the external and internal parts of th. field was 
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. , th analogous data of other Investigators, 
obtained in good agreemen n -ldered* the dependence 

.*4 of the S -variations has been considered. 

3 . The regularities D features of the distri- 

on geomagnetic coordinates, the role of ^ 0 f 

— of S D on th. cap, an, ^ ^ „ and 

currant. of the S„ variation -a. calculated * * "" ^ ^ ^ 

The ratio of the external 

compared with th. Chapnan ayat . ratl „ V e Spends on th. 

(Ti ) part, or th. potential 1 . diacueaed. »,. « that T 

latitude and that it. mean value ie 0.89. 

a mentions are discussed in Chapter . 

The above-enumerated qu . VI ) ia discussed, con- 

r an Idealized polar storm (Chapter j 
*• 1 current ey.tem of an ideal!. pc ^ ^ . 

. , .... „f suebee and Veatine by expansion of the 

structed from data tha ay8tml of current, 

seriea of B.ss.1 function,. A re.emblanc. of thi. »y. 

of the s variations was found. +„ of the D - and S - 

lb. seasonal and 11 -y.ar fluctuation, of th. current. st D 

variations are described (Chapter VII). calculated by approx- 

, r „_ -individual seasons and years wei 

Th, current systems | current has cycUc fluctu 

„ ^ Tt was found that the intensity of the U st 

imate methods. activit y The seasonal march of the D st 

Bmbline the fluctuations of sol^lr activity, 
ations resembling me i completely exp- 

.„c waves (one annual and the other semiannual) and is co.pl 

current has two waves Vo The sea sonal and 11 

•int of the corpuscular theory of storms. 

Tedned fro. the vacant T* g _ mch Bore complex, th. Serial 

year fluctuations of the curren sjrs , course the u 

[ bv a number of observatories has shown that, 

'presented by ^ intensities of the current 

n Q Hnrinc the course of the year, 

year cycle intensities of the current, in 

eddies and the position of the auroral zone vary. 

the middle and high latitude, obeys diffe-W regularities. 

6 Tb. „ - and Sp-variation of tha density of ionization of tbs 8 , layer of 

6 ‘ st ^ , , h ,t the D -variations in the ionization 

the ionoapharo are discussed. It was feund that tha , t 

* , ^ either from their gacgraphical distribution or from 

of the F layer cannot, eitner 
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° J Ssolut. value, bs lor th. ionospheric systom of electric ourrents ~ 

-1 qnired Tor explaining th. ^-variations cl the mastic Held. On this basis, 

- r quir K ■ n1 . r, -variations iB an equatorial 

4 1 1 conclusion 1 . draun that th. most prohahl. cause t 

‘_i ** rad11 - A “Th s ltion "of a drift of the chided 

It plained, both in intensity and in form, under e assum 

^ particles of the F, layer under th. action of the cart,,. X— ma,et , 

md cf its cavitation, field. Chapter VXXI is devoted to an exposition 

■..“"ihe electric ayetems of currents of individual mastic current, are calco- 
'• .. _+„ a+. n H ven instant 


' 7 The elecunc ojo"”" 1 " — - , . 

lated L, Chapter XX. It is found that in all cases the currents, at a g lven instant 

toll be repres e„ted as the result of the superimposition of typical system. 

:: r:-—-—- - 

»’•>„ *\ .nd P.currents vary within vide limits from case to case. 

■ '‘'’c D The external (principal) part of, th. field of mastic disturbances i^uces, 

■ ' * , ~ „ onT 4 .h which in turn influ- 

: gecondary currents in the i^er conduct^ parts of the earth, 

*_i + h maenetic field observed on the earths surface. The separation of po- . 

1 6nCe * ld f D the potential of the P-storms into an external and 

tential of the field of D gt ^ ^ j f 

A ‘ part made it possible to calculate the conductivity of t e eep p 

i 811 internax p - Th e calculations were 

1 - ' the eerth »d the thlchneee of the upper nonconducting • 

■ > , . thre . asBumptions: 1 ) the conductivity of the deep P^s 

i conetant- 2) the oonduotlvity inereaeee with depth, en 3) 

■ ! L ^ soil ars snowed for. For the eetimete of oonduotlvity wo ue. 

■ i II ri d.: , th. P-stoms end the first hsrmenio of the ^ 

' the data on the S -variations. The results so obtained on the variation oi co 

’ tivity with ^differ somewhat from those of previous authors and « - - 

,. „ Qn t he internal structure of the earth, based on seis 

agreement with modem ea f the D .variations cannot be 

A data The division of the field for the harmonic P 3 o st 
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f the Chapman-Price induction theory. Chapter X is de- 
explained vrithin the scope of the Chapman rr 

voted to these questions. 

The mathematical part of the -01* inches the foUo-ing — 

\ The method of surface integrals proposed by Vestin. in »1 -as us. 

t«n+ials of the S n -field. This method, vrhich 
calculating the external and internal potentials D 

4 * n qtti reouired the development of practical 
i, used for the first time in geomagnetism, requi 

.. ds of proo .ssin 6 the material and of a technique of computation. 

, The author of the present -orb has proposed a method of celculat^g the 

current faction on a sphere -ith a radius of a, if the ^ 

surface of a sphere R(R < a) is .seized in ntsaerical or grapnel • 

. . t a nn for regions internal with respect to the 

is based on finding the current function for region 

* The finding of the current 

sober. R, and on its extrapolation to outer space. The finding 

function from the bn»n potential on the sphere leads to the solution of the 

Dirichlet problem by the aid of a Fredholm elation of the second order. 

calculation methods -ere -orbed out. The method is applied to a calculation o 

current, of S,. The questions corsiected -ith the integral method of anal,. 

discussed in Chapter IV. 

The principal conclusions from the «* are collected in the Conclusion. 

Chapter I is devoted to a survey of the literature. Since this -orb is prim- 

V, i W of the perturbation field and of the 
srily devoted to questions of the morphology of the pertu 

ar3 "^ 1 *i + + _ it out of the wide and varied 

construction of the electric currents equlvalen , 

Indies devoted to the solution of these 
literature on magnetic disturbances only studies 

very questions are mentioned in the su,vey. Worbe devoted to other divas one o 
theory of s^.tic etc™, to descriptions of individual phenomena, or to 

of magnetic activity are not considered in the survey. 

The equations are separately numbered in each Chapter. In re err g ^ ^ 

quation given in the same Chapter, only its needier is stated. * 

> quation fro. a different Chapter, its needier and the Chapter nusfcer * 

„ 12 
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CHAPTER I 


SURVEY OF THE LITERATURE 


Section 1. Basic Properties of Magnetic Storma. The Works of Birkeland 

The magnetic field of the earth is rarely completely quiet. Very often, the 
smooth march of the magnetic elements, due to the quiet periodic variations (solar- 
diurnal, Sqj lunar-diurnal, L; annual. A) is disturbed by irregular fluctuations of 
varied form and amplitude. Any deviations of the magnetic field from the normal 
march are called disturbances. Some of them are so small (tenths and hundredths of 
a gamna) as to be detected only by special high-precision instruments (Bibl.l6). The 
strongest disturbances, expressed in large and sharp fluctuations of the magnetic 
elements and lasting from several hours to several days, are called magnetic storms. 
Storms are observed simultaneously either over the entire earth or, at least, in the 
high latitudes. The amplitudes of fluctuation of the elements during extremely 
strong storms exceeds 1,000 y in the middle latitudes and 2,000-3,000 y in the high 
latitudes. During the time of a medium (moderate) storm, the fluctuations are of the 
order of 200-400-to 500-1,000y depending on the latitude. The rate of variation of 
the elements likewise fluctuates over a wide range, sometimes exceeding a few tens of 
ganmas a second. Occasionally, very slow and smooth variations of the elements are 
observed (especially in the low latitudes, in the Z-component). The fluctuations of 
the magnetic elements during a storm are so diverse that, during the entire period 
over which the observatories have been recording the magnetic elements, i.e., for 
over 100 years, no two identical storms can be found. 
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Despite such randomness of fluctuations, statistical regularities obeyed by 
magnetic storms have long been known. These regularities are as follows: The in¬ 
tensity of storms (characterized by the frequency and amplitude of the fluctuations, 
the mobility of the curves, and the magnitude of the deviation from the normal values 
depends on the latitude. It reaches its maximum values in the high latitudes, in the 

zone of maximum visibility of the aurora; as the pole is approached, the degree of j 

i 

disturbance again decreases. The number and intensity of the storms has a seasonal ! 
march with mA nima at the epoch of the equinoxes, and also has an U-year cycle. The | 
maxima of the magnetic cycle lag 1-2 years behind the maxima of the solar cycles. 

There is a correlation between individual magnetic storms and the manifestations of 

l 

solar activity: sunspots, flares, eruptions. This correlation is of a statistical 
nature for the weak and moderate storms. The strong storms, as a rule, are uniquely 
related to solar phenomena. Tendencies to a repetition of storms after a synodical- 
revolution of the sun and to a lag of storms behind the passage of an active region 
across the central meridian, have been noted. Finally, the distribution of the in¬ 
tensity of a storm during the course of the day, the "diurnal march of magnetic act¬ 
ivity’ 1 , has been found. 

An extensive section of the literature has been devoted to these regularities, 
and served, as already stated, as the basis for the development of the corpuscular 
theories of magnetic storms. Considerably fewer papers have been devoted to the 
study of the structure of the field of the storm field itself. A. Schmidt and van 
Bemmelen (Bibl.40) were among the first investigators who attempted to find the reg¬ 
ularities obeyed by the storm field. According to them, the vector of the disturbance 
systematically varies its direction during the course of the storm, and the "eddies" 
into which the storm is divided are displaced along the earth’s surface. Without 
taking up this idea of the storm in detail, based as it was on the erroneous as¬ 
sumption that storms are local and of terrestrial origin, let us turn to an exposition 
of the memoirs of Birkeland (Bibl.38), which have not lost their significance even - 
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today. Haying set himself the problem of studying the distribution of the vector of 
disturbance over the earth’s surface and of explaining the origin of the storms, 
Birkeland comnenced his investigations by accumulating observational data. He under¬ 
stood the particular importance of high-latitude observations and organized two 
special expeditions, in 1899A900 and in 1902/03, during which a special system of 
temporary stations, provided with apparatus of the same type and operating under a 
common program, was used. In working up this material subsequently, Birkeland com¬ 
piled, for several storms, maps of the geographical distribution of the vector of 
disturbance for successive most characteristic instants of time. Birkeland defines 
the vector of disturbance as follows: F d = F - F^ where F denotes the observed value 
of the magnetic field and F n the normal undisturbed value. The construction of these 
••synoptic" maps showed Birkeland that, despite the apparent randomness of the fluctu- 
ations of the magnetic elements, a certain systematic character is manifest in the 
distribution of F d . The vectors at closely adjacent stations are almost parallel; 
a definite relation exists between the vectors and the longitude of the station and, 
in particular, the latitude. Birkeland divided the listed magnetic storms, about 30 
cases in all, into five types. Type 1, the most frequent, is characterized by the 
almost everywhere negative horizontal component of the vector F d * The maximum mag¬ 
nitude of the vector is reached in the polar zone, declines sharply in the middle 
latitudes, and again increases somewhat in the equatorial belt. Storms of this type 
were called negative equatorial stow by Birkeland. Type 2, positive equatorial 
storms, are storas with a positive horizontal component of F d ; the least disturbance 
embraces all latitudes, but its value is usually much weaker than the disturbance of 
negative storms. This type was rarely observed. Type 3 and 4 are positive and neg¬ 
ative polar stonns and are characterized by the fact that the vector of disturbance 
reaches high values only in the high latitudes, while the magnetic field of middle 
and low latitudes remains in fact almost undisturbed. Type 5, the cyclo-median 
storms, of small value, reach their greatest development on the daylight side of the 
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. tha C ases of disturbances 
„ no+ar tjointed out, the casoa 

earth in low latitudes. As Cha correc tly included among the bay 

— - " “ w - - - — 9 " 

9 ° oMpai ^jrri"" ° f 

ultraviolet radiation. fiances of consular origin, 

these S q -variations, but not ^ to th . hyf~ 

respect to the ^ ‘ ° ° of metric currents fl-W 

thesis that the, were ^ ^ ^ attention to a etna, of 

not far from the equators reg , ^ ^ polar storms is a sharp 

the polar storms. The most ^ md the passage of th. *- 

increase of the H-component ^ ^ ^.land concluded that th. 

component through aero in th. aurora^ ^ ^ gm^ng at a certain height 
polar storms were caused by a ^ ^ ot t he Biot-Sawara law. allowed 

along the tone. Elementary coun , (100-300 km) and th. intensi- 

Birkeland to make an appro^te estimate of _ these storms (last- 

-* * 105 to 91 io5 iToi: i:rr—- -—- - t 

ing from on. to several ^ a Ie „ ten , of degrees. Birk.land postulated that 

along the ton. is short: . f ^ current system, whose vertical 

his horizontal current was a pa osohere. The diagram of a typical field 

branches extend beyond the limits » f the “ " ^ p roj ection, of the 

OT a to- storm (Big,, shows *.*^ of the variations of 
lines of force of the ma^.tic fie ^ the system of isopotential 

the vertical component (th. lower par current flows in th. direction of 

lines (th. broken lines). The hypo • * ^ ^ ^ ^ The maximum value of the 

the principal axis of th. disturbance, , t the point C, the 

center of the disturbance. sysl9In remained open, - 

Th. PP=s li » ° f th * 0l ° 9,lre ° a great distance from th. earth, of a 

• anting the possibility of the e^stence, at g 


F-TS-897 hH 



roved for Rel 




6028201 










C06028201 


roved for Rel 




06028201 



dime, branch closing th. currant system. and abac asauMng th. poaalbiUty of 

an unclosed system. o 4 .„-ym»ir on 

4 - .uH + h the views of Birkeland and Stoermer o 
This current system is in agreement with the vi 

.. atorms According to tha well-known Sto.mar-Birk.Lnd th. ry, 
th. origin of magnatic storms. According m eratura, 

which la fr.qu.ntiy «t forth in tha Utara 

' tha atom fi.ld la th. fiald of a aolar .trass, 
of chargad partial., of a aingl. »igu- 
by th. earth-. magnatic fiald toward th. polar 
tones. Solving th. aquation of motion of a 
chargad particle, Steamer calculated th. pos¬ 
sible forma of tha paths and, in particular, ob- 
tainad paths explaining th. above d.scrlv.d U- 
ahapad currant: th. particles, moving along 
thaa. path., approach th. earth from apace, 
p.n.trat, tha atmoaph.r. in th. high-latituda 
region down to a height of 100-300 km, taka a 
horizontal aagamant of thair path in th. atmoa- 
phare, aa a rule along th. auroral zona, and 
r Magnetic Fiald than one. mor. leave th. neighborhood of th. 

Fig.3 - 01 » 8 ram of Hagn Bruech.Cir- 

, Elementary Polar Storm (ac- earth. Experimental studi. 
of an Elementary , _ v. v a narrow 

n- ir londl radiation of a magnetized sphere by 

1 ^direction of haem of cathode rays), which allowed him to fol 
X ‘^raxia »f bh^turb- ^ of indivi^l particlaa, confimad 

^ the ppsalbiUty of such paths and thereby gave 

atom field) ^ grMter 8lgni ficanc. to the Stoemar- 

Ibis thaoiy is thus an attempt to systematize th. data on mag- 

Birkeland theory. rvicture of a disturbance, 

+nhl d «?h an idea of the typical picture oi a 

netic disturbances, to est origin. The 

. + n it and to explain its ons-ui 

calcuLt. th. electric current equivalent to it. 
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criticism of the physical bases of this theory is commonly known. Serious objections 
to the theory (a stream of particles with only a single sign could not reach the 
earth, due to the electrostatic repulsion of the particles; the invasion of the 
earth’s atmosphere by particles of a single sign must lead to great fluctuations of 
electric potential during a storm, etc.) forced the various investigators subsequent- 
ly to abandon the hypothesis of a singly-charged stream. Let us discuss the remarks, 
provoked by the morphological part of the study. Since Birkeland’s system of station 
was located in a narrow longitudinal sector of the Arctic (Iceland, Spitzbergen, 
Norway, Novaya Zemlya), he did not discover the fact that positive and negative polar 
disturbances are always observed simultaneously, but in different hemispheres. In ! 
reality, however, a polar disturbance usually covers all the longitudes of the polar 
region, the direction and magnitude of the vector of disturbance being different at - 
different longitudes. It would thus seem more expedient to construct the system of 
electric currents determining the distribution of the magnetic field at all longi¬ 
tudes. Further, Birkeland had too small an observational material on the course of 
disturbances in moderate latitudes. The morphology of the equatorial storms there¬ 
fore remained actually unstudied by him, and he did not get a clear idea on the 
currents responsible for them. The classification of storms introduced by Birkeland, 
as shown below, likewise does not seem usable. 

Section 2. Chatman’s Investigatio n s and their Revision s 

A completely different approach to the study of the morphology of magnetic 
storms is contained in the works of Chapman (Bibl.V». As far back as the beginning 
of the Twentieth Century, the works of Moos, Director of the Bombay Magnetic Observa¬ 
tory, contained indications that, during the storms, the horizontal component first 
increases (first phase of the storm), then decreases below the normal (second or 
chief phase, during which the fluctuations of the magnetic elements are greatest) 
and then slowly return to the normal state. The return to the normal state [in the 
literature, various terms are used - restoration phase, aftereffect, Nachstoerung, 
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postperturbation, and noncyclic variation noncyclic change] takes several days, even 
when the field is no longer disturbed by irregular fluctuations. The work of Moos 
gave Chapman ground for postulating that the 3tonn field contains regular parts, for 
which certain stable systems of electric currents influencing the distribution of 
the vector of disturbance of the entire earth are responsible. The varied fluctu¬ 
ations of these currents result in the individual features of each storm, the random 
fluctuations superimposed on the average picture of the magnetic variations. Chapman 
worked up the variations of the magnetic elements H, D, and Z for 22 observatories 
located between 22° and 60° North Latitude. His calculations consisted in averaging, 
of the values of the magnetic elements by hours, counting from the beginning of the 
storm. As a result of averaging a rather large number of cases (Chapman used the 
data of 40 moderate storms), the influence of the irregular fluctuations and of the 
regular part of the disturbance connected with the local time was to a large extent 
eliminated. He succeeded in finding the regular part of the storm field taking place 
at the same World Time at all longitudes of the same latitude. He termed this part 
of the field of a magnetic storm, the stormtime variations, i.e., the variations 
taking place according to a time reckoned from the beginning of the storm. IXiring 
the 1930’s and 1940’s, the English term ”stormtime variations” was still used in the 
Russian literature on terrestrial magnetism to designate this part of the storm field. 
It seems to us preferable to use the term ’’aperiodic disturbed variations” as we will 
do in future, while retaining nevertheless the symbol D^-variations or D g ^-field 
which is generally used today in the world literature. The D s ^-variations of the H- 
(or X) component at all latitudes (or at least at the middle latitudes) were de¬ 
scribed similarly by Moos for Bombay. The D st _variations of the Z-component, on the 
other hand, reduced to the decrease of the element in the first phase of the stonn 
and to its increase in the second stage. The amplitude of the D variations of the 
Z-component is smaller than the amplitude of the H-component. No regular aperiodic 
part could be found in the element D. During the entire storm, the fluctuations of 
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., +v,o horizontal component of the vec 
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on the average 1. - — — — ~ ^ “". l - 
— the oourao or — o an! great mastic ^ 

• 4 . tM* made it possible for onapnvm 

a-iffer onlv in intensity. This ma . ., \ 

differ only more accurately, stable). 

average picture or the P^-variaUons was constant . _ 

in analyzing the classirication or sto^s propose! hy Birhelnn 

, a. th rk eland correspond to the nr 

eluded that the positive equatoria s orm 

and the negative ones to the second phase. 

phase of the ordinary s orm, Birk eland from noting that 

. , charman's opinion, prevented Birkeiana 

ficiency of the material, in Chapman P _ 

• ^ fl -Ktv only two successive phases of a single P 
the two types of storms are in reala elijnlll ating 

The averaging of the value of the magnetic elements (after elimin 
nomenon. The averaging allowed 

th6 D .-part for each storm) in accordance with the hours 

r the relation or the rield or the ^etic etc on the time o t day. 

dlSCOVeIT , t of the rield or a magnetic stem is custosmrily termed the 

This second regular par ^ ^ din^al var- 

disturhed diurnal variation <—^^ „ va „ 0 n qui et 

iations on days or -•*» • ^ fey s nulnber of investigators. Chapman's 

days, was noted, indepen en y ^ aU the events, and their 

calculation showed the existence or the S D -van i0n3 in the 

latitudes. A characteristic reature of the S D -vanati 
regular change with lati valu9 0 f the elements 

„ ^d Z components in the temperate latitudes 

in the morning hours and the maxUnum values in the even 6 irregular flue- 

The third part o C the storm rield, * Chad's opinion, * - # 

n3 (D.) superimposed on the regular parts and giving a ran 

*“*" 1 tic rield on disturbed days. Considering the regular 

the variation ^ ^ B03t interesting parts, Chapnan dir- 

parts of D gt an D leaving the irregular part 

, +heir further investigation, leaving 

ected his effor s erwa described to be due to 
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aside. Considering that the D«. t - D 
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electric currents flowing near the earth-s surface (in the atmosphere itself or be- 
vond it), Chapman formed an idea, from the pbs.ived magnetic variations, of the con- 
orations and intensities of these currents. His systems of electric current, of 
magnetic sto™, entered the geophysical literature as the most prohahl. representa¬ 
tion of the electric currents, and served as a starting point for the development of 
the modern theoretical views on the nature of the phenomenon. His system, were con¬ 
structed by an approve method, without calculating the potential of the observed 
fields of variations. He started out from the following postulates: 

1. By analogy with the S q -variations it may be assumed that the field of D„ t 
or S 0 observed on the earth-s surface is the result of the composition of an extern¬ 
al main field and an internal field due to induction in the conducting part of the 
earth. The ratio of the external field E to the internal field I, i.e., E/1 - 3/2. 

2 The external system of electric currents is a spherical nonunifom current 
layer concentric with the earth's surface. The height of the current above the 

earth’s surface h = 200 km. 

3. The direction and density of the current may be calculated from the observ¬ 
ed magnetic field by the Biot-Sawara law, by replacing at each point the action of 

. laver by the action of a uniform, plane current sheet of 

the nonuniform spherical layer y 

infinite extension. The current systems of the D. t - and V variation so obtained 
are presented in Pigs, ha and lb. It will be seen that the D. t currents flow eve,y- 
wher. westward in the direction of the parallels of latitude. The intensity of the 
current increases somewhat in the equatorial region, -d increases strongly in the 
polar cap. The current along the auroral tone is represented in the form of a 
linear current of high density. The total intensity of the current flowing in each 
hemisphere is 200,000 amp: the current lines on the fibres are dra»i in such a way 

that a current of 10,000 amp flows between advent lines, firing the first phase 

u) the current should flow in the eastern direction, 
of magnetic storms (increasing H) the current sn 

* r thP S variations is much more complex. An analysis of 
The current system of the S D -variations 
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, , fi-id of S -depends on the latitude and 

the material as shown that on the whole the D 

without taking into account the possible slight longi 
local times. For this reason, without taking 

„ ... fie i d chapman constructed the current 
^ * *>» distribution of ' lf vlwo d fr om 

system in th. _ W .. tb. of the Sq -curr«>t., l.e., - , 

the enn. In order to explain the variation of the — 

course of the day, the earth -at he l^ln.d to rotate Ineld. this ’ 

Ph. system S„ oonel.t. of four current loop. In the .derate latitude, and a la y .r^ 
of almost parallel current, flowing about the polar cap. *. In the cae. of ^ . 
increased intensity of the current 1. observed In the auroral region, 
presented in Pig.,., and * correspond to a moderate mantle .to™ with deer... 

„ in the principal Phase e^al to about tor. ,»rlng vsry strong .toms, he 

currents can be expected to Increase by a factor of 10-15. 

The systems of current, of D, t and S„, according to Oha^, call forth the 

following remarks: 

!. The empirical material that e.rved for their conetmction is, absolutely 

Without question, insufficient. If the workup of the data of 22 obs 

a sufficient idea of the distriMtion of the D. t - and S D -vari.tion. in the modern . 

latitudes, then the regular part of the atoms in the high latitude, would st m- 

,*» in fact, unknown. Cha^n lodged the intenelfication of the ^-variations in 

bh. auroral eon. by the geographic distribution of the value of The ,y.ol 

i values of the horizontal component 

denotes the difference between the mean dium 

... . n=aH - H. Since the principal effect of 

on disturbed and quiet days, that is, D H q d 

th . aperiodic stem variations reduce, down to the decrease in the horizontal com¬ 
ponent, it follows that th. difference of th. mean diurnal values of H on quie an 
disturbed days my serve as a certain characteristic of the value of th. D^-var - 

tions. Chapman ludged the Covariations inside the zone by the diurnal march for 

_ Hat a from observatories 

all days, at th. intarctic Station of Cape Evans. Th. data from 

. s-iiw available to Chapman. As shown by the 
in the auroral zone itself were not fully avaxiaox 
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materials collected by us for a number of high-latitude stations (cf.Chapter V), the 

distribution of variations is in reality somewhat different. 

looooo 2. The systems constructed by Chapman 

o) actually corresponds to worldwide storms 

f (those observed over the entire earth). The 

/ * \ absence of a distinct boundary line between 

/ — 200000 _ world wide and polar storms (Chapman did 

— n ot pay proper attention to the question of 

-/ the classification of storms) lead to a 
\ zoo ooo - -7 

\ —} .* certain distortion in the current systems 

\ — - ~y in high latitudes (cf.Chapter II and III). 

--- ——pr 3 . My ovm calculations of the poben- 

,tial of the external and internal parts of 

_ i 

the S^-variations have shown that the ratio 
I/E is not the same at all latitudes, and 
that in any case, the value I/E = 0.6 
adopted by Chapman is exaggerated. 

! y . The height of the currents h = 

>200 1cm seems too low, which in turn would 
affect the numerical values of the current 
intensities found. 

On comparing the Chapman and Birkeland 
systems, Vestine, in his paper written in 

Flg.4 - Currents of the Regular Farts collaboration with Chapman (Dibl.60) states 
?^'t S s?™ng'“n ( amp:«s^ n t- that the Chapman system better reflects the 
Variations; b - Sp- Variations) actual course of a a torm, and that the 

Birkeland system does not withstand the test of comparison with empirical data. It 
seems to me that in comparing the Chapsan and Birkeland systems it must above all be 
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bo rn. in mind that these — a. responsible for — types of —» 

b «e„ e»— -—- - -—*- ^ raiM: 
had almost no data an the high »titude, —« * “» 
uttl , us. or Information on the course of disturbance in the middle - 

tUd "i h . question of the necessity of verifying and .derating the Chapman system 
from more complete mastic data and applying more accurate methods to the calcu¬ 
lation of the currents has repeatedly been raised in the literature. « «“ 
haustiv. revision ™de in the above mentioned work by Chapman and Vestine. P 0 
1937> (the work was published in 193d) certain «ork.d-up materials of ma^et c ob- 
servations ™de during the Second International Polar fear (XI *a ^1933, were 
available to the authors. In particular, there were observations within 
tone (the Thule and Godhavn Observatories, and immediately in the region of tha son. 
(Bear island, MatoCin Star, etc,. The values of the V and S^variations had been 
calculated for .11 observatories, the 3 ,-variations being taken as the difference 

between the diurnal smrches for international disturbed and quiet days*, ^method 

. . uttle work and was subsequently used by a number 

of calculating S Q involves very little worK 

investigators. 

The mathematical difficulties connected with the calculation of the elec r 
currents corresponding to magnetic fields as complex in geographical distribution as 
S and 0 , forced the authors to abandon the solution of the direct problem (calcu¬ 

lation o'f tb. currents from the observed field, and to .take up instead - — 
problem (calculation of the magnetic field of the Chapman system of curr 
comparison with the observed field,. Por this purpose, the current system f 
,,a and 4b were broken down into several principal forms! S,. surface curr 

IT-OT^ational Association for Terrestrial Magnetism and Electricity, since 

w b n selecting, from the magnetic characteristics of a worldwide system of 
1905, has been selecting, 

• the five quietest and the five most disturbed days in each month, 
observatories, the five quiov 

24 

F-TS-8974/V 


roved for Rel 




6028201 










C06028201 


roved for Rel 




,. th , B .wtm current In the auroral' sene'in the ' 

polar C.p in , t ^ h of ^ohcomponontpert. . 

of S, L, etc. wee separately calculated by applying the Biot-Sawara ^ 

‘-i «• -«-* ^ —-w ; 

* *3 - ontune. «. — « - ^ ^ ~ 

■i— A> - Hr: zzz «- - - 

' - - netic field of the 1 -current, Mil 11 , V 

x 2 *P-a cos 9 which are reduced to taouxa , 

Ution of integrate of the type/ - p ^ th , latitude. | 

liptic integrate J th. eurfac. current, over th. po r , 

>—- -—- - -: th :r. ;.i! 

latitude eddies in the z> d sys y . .. s «nd D . 

Of the latitude dependence of the components of the an st 
integration, curves of the latitude a pen ^ 

htained Their comparison with the observational data show 
field, were obtained. Their pa ^ action of the 

0W- systems do not oontradict the, but .till did n 

deeirabUity of a new conetn.ction of th. systems. ueing all 

ft an ette.pt to elaborate th. Ohapcan system was mad. in the pap. 

W J tho above-discussed work. It wa 

(Bibl.58), baaed on th. can. atarting notarial aa 

a that th. Chapman eyetene had been construoted without allowing for 
found that th. Chapman ay „ d ..aium latitude. 

___ a.—. the distribution of the field. 

tudinal asymaetry in ,, . high lati 

„ Ml1 but it is impossible to ignore it in the hign 

thi. aaymaetry ie actna^ ^ thought ^ the asy*t.y in tha high 

tudes. Vestine expressed h ry geographic 

latitude is du. primarily to the nouooinoidenoe “ ,‘J^ 

f the earth due to which fact the auroral zone xs 

0,0. of the earth , ted fn the direction of a line Joining th. nagnatao 

stead of circular and is elong t 

., __ a ii ow for the distance of a given y 
ooles. For this reason, if we all 

and geographic poles. ^ ^ account the geo 

. t he auroral zone, instead of simply 

Of observation ^ lMlgit „dinal aaynnetry ia considerably dim- 

_ magnetic latitude of the po . d th „ lo0 ation cf the 

• iuished. V.atine, on the basis of th. ^etic data, determined 
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■ .on. or linear polar current, which h. found to be rather close to the 
.on. un more detail. ... Chapter 

the maximum isochaem obtained as early a. ^ 

. . -oived cert air questions as to the wor- 

v Section 7). Thus Vestine*s work not only 

V, Section di.olo.ed th. possibility of using 

, ,_„ 4. ha s - and D .-variations, but axso 

ri d.: J pinpollrg th. poeitioi. Of th. auroral ,n.. fb. ^ , 

belg th. r.ault of continuou. — W— ~ "1 
can provide nor. reliable conclneion. than thou. ba..d on auroral .tati.tio. 

Among th. worth that followed th. investigations by Chafman, th. pap.r by C^c 

(Bibl.il) ie worth cautioning. It points out the existence of a seasonal asysmwtiy 

, 1Ho fD -variations. According to Chynk, the seas- J 
in the distribution of the field D st ( 

, . like various jneasures of magneti 

onal inarch of D B ha, a smmima in spring and autumn, lilc. varl 

4 option it also has another maximum in the winter, 
activity. However, in addition. It axso na 

Section 3. .. Present. H on of the D -Variations j 

Attempts at an analytical representation of th. potential field of distur 
ar . also contained in th, g.omagn.tic lit.rature. these att«npt. relate o o 

simplest part of th. .to™ field, the aperiodic disturbed and ™ ’‘ °” | 

or, more exactly, only to th. middle-latitude part, of these fields. — j 

papers on this subject (cf.Bibl.t0 and 15) ^ 

Siion of th. observed field into an external and internal part, explanation of 

internal part on the basis of th. induction hypothesis, and definition of th. con- 
dnetivity in the depths of th. earth retired for such an explanation. Chapsan end . 
VJhitehead calculated the external and internal potentials of the ^-variat on. by 
expanding the spherical functions of th. H and Z components of th. Held- • » 
fr om the same data that had been used by Chapmn for his approximate calculation 
the D .-currents. Since it was assumed that the field of D >t depends only on 
versal time and geoma^.tic latitude, it followed that th. values of the potent!. , 
for a definite instant of time were represented by series of Ugendr. polynomials,, 
end, since the potential was supposed to be symetric with respect to th. .qua or. ( 
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th. odd harmonics ww retained in the aeries of «— * «“ 

fact that th. diatrihution of th. D^-fi.ld in th. high latitud.. -a, not taken into 
account, it was possible to represent th. middle-latitude part of th. fi.ld rath.r 

by th. three first harmonics P,. and P,.' ». division of th. fi.ld into an 
external and internal part (a.. Chapt.r III for nor. d.tail.) gave th. foUowing 
ratio: I/E - 0.39. It turned out that thi. ratio retires, for th. Ration of 
th. I-p»rt within th. framework of U*.. induction theory, —* ^ 

tromagnetic parameters of th. .arth than thoa. that folio, fro. an analysis of th. 
s -variations, i .or. d.tail.d analysis of th. r.,ult. ohtainad * Chapin and 
Whitehead and other author,, and a comparison of thoa. result, vith our own ca cu 

lations, will be given in Chapter X. 

HcHiah and Slautsitays, who performed th. spherical -.lysis th. value, o 
D , calculated th. intensity of th. external current, corresponding to thos. valu.s 
and obtained interesting conclusions as to the ratio between the internal and ex 

temal part. 

„o attempt ha, b.«n X. to date at an analytical representation of th. distr - 
hution of th. potential of th. ^-variations or of th. irr.^lar part of th. dis- 

turbance. 

section!., ..- °£ th. Points of Magnetic Storms. Th. Equatorial ,^ 

Th. papers enumerated in the preceding Sections exhaust all th. studies o 
morphology of th. regular parts of th. perturbation fi.ld and th. calculation of th. 
surface currents responsible for the.. It goes without saying, hoover, that th. 
construction of th.s. system is not a proof for their existence. If " “> 

supplementary postulates, th.n th. probls. of finding th. current, from th. static 
field i. an indeterminate, many-valued problem, and an infinite number of sue 
systems can be calculated, each of a different conflation or at a different dis- 
tance from th. earth, whose field will likewise well represent th. observed field 
of magnetic stoma. The postulate made by Chapman, however, that th. layer car 
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the currents is spherical appears entirely reasonable in the light of our knowledge 
of the structure of the ionosphere. In fact, if we assume for example that the 
height of the layer varies with the latitude or with the local time, by 100 km, then 
this would mean a variation of only 1 . 5 % in the radius of the spherical surface. 

Under the assumption that the current layer is spherical, its radius (or the height 
of the current above the earth’s surface) can be theoretically determined from the 
magnetic data just like the configuration of the lines of current or the intensity 
of current. If we assume that the field potential is represented by a series of 
spherical harmonics, then the cofactors of the expression (§) n enter into each term, 
where a is the radius of the spherical current layer and R the radius of the earth. 
Then, by comparing the weight of the n^, a* 1 , etc.tems in the expansion, the 
value of | can be estimated. In practice, however, in view of the low accuracy in 
determining the coefficients with spherical functions, it is impossible to detennine 
| with an error of less than a few percent. Thus, to define the layer of the iono¬ 
sphere in which the D gt -currents flow, using a spherical analysis of the type pro¬ 
posed by McNish and Slautsitays as basis, would hardly be possible. For any con¬ 
clusion as to the height of the current layer, data on the structure of the ionosphere 
would have to be used, together with an attentive study of the structure, ionization 
density, number of collisions, and other parameters of the ionosphere, which would 
help to answer the question as to how far a certain layer meets the requirements that 
a current-carrying layer must meet. While it seems almost unquestionable today that 
the currents of the S^-variations must be related to the lower part of the E layer 
and the D layer, there are still doubts as to the perturbation currents. The hypc^ 
thesis that the disturbance currents are concentrated in the ? 2 layer seems the most 
probable, since this layer shows the closest correlation with the magnetic dis¬ 
turbances. Nevertheless, in discussing the possible position of the S^currents, 
Chapman pointed out that their most characteristic feature was the evening maximum 
of intensity, while a maximum of ionization density in the evening is not observed 
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'linriiiiii ohi'of the' VcnoimIn [view of this, the <jiestion of the height of 


the Sjj-ourr*nt» r mm ^ unexplained In the P* P*r« of Chap—n end 

| for the currents causing tha D -variations, th* thought is developed in the P*P« rB 
\ Bt 


” of'Chapian ahd~anumber of"other authors - ' ,hat~these curreriti flow fir beyond the 
~ limits of the earth's atmosphere, encirclng the earth with a ring located in the 
~ equatorial plane. The idea of an'equator; &1 ring current was first expressed by 
“ stoerasr to explain the great polar distajice of the auroral aone (0 Q - 22 - 23 ). 

The calculation of the paths of the part: .cles under reasonable assumptions as to 
their velocities, and allowing only for the permanent magnetic field of the earth, 
leads to much lower values of e Q , equal, J'or example, to -2 to -4° for cathode rays, 
and to -16° to 19° for alpha particles, "he magnetic field of the ring current in a 
westerly direction, reducing the horiiontil component of the geomagnetic fields, j 

*. i 

j leads to an increase of © 0 to the necessary values. There are also other geophysical 
arguments in favor of the existence, in storm time, of an extra-ionospheric current : 

' ...ring. But it is precisely the great regularity in the course of the magnetic storms! 
in the low latitudes (where the irregular!fluctuations distort the quiet march of the 
elements only slightly and where the return of H to the normal state, is slow) that . 

' _ make both these phenomena difficult to explain under the assumption of an ionospheric- 
. location of the sources of the field. Forbush (Bibl.43), in studying the correlation 
— between the magnetic storms and the cosmic rays, discovered such variations in the 
I'intensity of the cosmic rays as confirm the generation, at a certain distance from 
.l!the earth, of a magnetic field diminishing the H component of the earth's magnetic 
3 field. A detailed theoretical consideration of the possible influence of the ~qua 
-itorial ring is also presented in the papers by Vallarta and Hess (Bibl.35). In 
.jrecent years, a number of papers devoted to the effect of magnetic storms on the 

-j * We will ~show later that the disturbed diurnal variations of ionization density 
i.f ] of _tha ? 9 layer satisfy this requireemnt, and thus eliminate the objection against 

placing the S D currents in the Fg layer. 
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Wt of th. o«r~tur* of th. ^ T ^ ^ *,. „. rg y of ~=h * ^ 

j notio Holds th * rlnB 11 n0t "*'*’* - t „ argiwnt in f,Tor of StoMPr'. 

-I «t 0. gr..t (o— ~™Z\. th. Pi- — of . 0.*° — 

.. 0 alculat.d *•*-—»• ^ „ ha. — supposed that, ta _ 

, r .tuming to th. «rth. “■ — I fro. th. stcwr .!«- 

‘ V p...ing through th. iono.ph.ra, . *— — 

tronie our«nt.. ^ ^ ld „ on th. aquatorlal rlhg. 

m lnt.r p.p.r.. I—- «pr ,tor», th. .olar . 

Thus* aocording to th. —^ ^ ^ ^ ^ ^ ^ * th. 

.noounfring th. «— “®““° * ’ • ^ .tr«. U — * tM " 

— of «. to four «rth radii. «- , of . ring curr»t i. «*— 

author, to b. —it U- ^ ^ ^ ^ ^ ffid n.gatir. P*— 
w th. hiffoionce in th. ^ ^ „ Mt h»ti=^ «— - «» j 

Ih. P.P.O. OP Chap- -J of th . bodi .. of th. corpiacular —• 

question a. to th. *— < ^ ti on of th. proo... —- - th. - 

Tb«7 gi„ on* a P— f ° r ' ’ fleU of th . ..nth-. Th. ««— “ * ** 

tardation of th. ^ ‘ ^ fonn , d , lt tr.at.d »ith con.id.rahla 

.tahiUty of a ring, if — * .qo^hriuB of th. ring <i~. 

tmlAining the conditions of dynsni rt—wmstrating the 

plaining „„ ourr.it dan.ity) and d~n.tr. ihg 

jjdng th. aU.ou.blo finotuation. 

t-g v, transmitters (Bibl.65)» 

_ , . iqf.7-1%9 vith high-po^* 1 ^ 

* Special ob8e r r *^tly I l*gg lll « « cho ® 8 * 
failed to detect gr^tly 1*8*“*« 

^ r the Chapnan-Ferraro theory Ccf. for 

* „ Th. USSR Utoratmo c^. -ttr« sitlOn0 ° 

example> Bygenson (Bibl.34;J 
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d Of a ring «tth •*— F * r “ rt “- * W51 ' 

4 ^ ot formation of OH. ring on OH. — of OH. 

(Blbl ' W) — connected vith OH. ~0ion of *— * 

•naLogy b.t««i Oh. .leetrodyn ,tr.am nowlng .round . 

-—- - -——* 

nagnoOic dipol. !• «" or. do. 00 OH. in0.r.o01on b- 

Hody uoO«og.d in oh. nnidi in .or.am. mith Oh. -gnotlc 

—- Z - -—° f -— 80 

fi.Xd 1. id«0ifl.d uiOH OH. Hy 0 dyn»d ^ ^ ^ „rd. r a. Oho.. 0 J. 0 U- 

obOaln.d (. - W — 1 ’ 10 •— “ * "" 

lat.d by Chapmu. and F.rrTo. ^ ^ lnd^nd«.0 of any 0h.or.01cal 

th . radio, of Oh. ring lmwn> on . of OH. mo.0 «id.ly «-* 

Vi— on 10. formtion. th . diff.r.no. b.0*.«o OH. 

i.tic. of —*• ** »—*. - ** 

diurnal valu.. of OH. horlaonOal oonpo ^ o£ t h. u-m.asur., i» do* 

—* 0tH * lrf " e ‘ ‘ t01 ” “11172, OH. day-Oo-day variability of H nay b. 
to th. magnetic field of th. .qua ^ ^ of th. current 6 H, 

equated to OH. lncr.a.. In OH. HorioonOJ ^ ^ I( fu.D.Kalinin (Bibl.W) 

«*“ ° r t ' h . ..sumption that OH. incr.rn.ntd H wa. du. .iOH.r 

, h o - OH... calculation. - ^ ^ l)( or to OH. variation in 

Oo OH. variation in a from day t H. ring «t b. of OH. ord.r of 

I C- - ‘ f0Und " b 27 Chaptor HI, OH. spherical analy.i. of 

*» id f °- “ rth A5 H th . ^Oiti.. a and I ind.p.nd»01y, uiOHout 

OH. field of H.0 drt '™ inln8 

■ assuming invariably of on. or ^ oonfl ,m oh. -U «— ^ 

m . above-umnOioned lnv..0i^ ^olng Oo other «-*■ *« 

‘ 'OH. ring (amounting a «- ^ begat., .0 .1 (*«-*» "" 

► rirrzr ——- 
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currents of cosmic rays cannot be explained under the assumption of a ring radius of 
1.1 R<a < 100 R within the scope of the Stoermer-Forbush theory. These authors as¬ 
sume that the recalculation of the data based on the modifications introduced into 
the theories by Lemaitre and Vallart might help to explain the phenomenon. One of 
the authors of this report, Nagata (Bibl.51), estimated the parameters of the ring 
on the basis of the southward displacement of the auroral zone during the storm of 
30 April 1933 and on the assumption of an ; intensification of the current in the equa r 
torial ring during the course of the storm. It was found that, for agreement with 
empirical data, it is necessary to adopt a radius of the order of 20 earth radii for 
the ring. 

Thus most investigators today tend toward the idea that an extra-ionospheric • 
current ring exists, whose field explains the variations of- the magnetic field and 
other geophysical phenomena (position of the auroral zone, influence of magnetic 
storm, and cosmic rays). But no definitive clarification has been obtained with re¬ 
spect to the parameters of the ring. The possibility of the existence of an iono¬ 
spheric system of currents of the variations is likewise not completely excluded. At 
one time. Chapman (Bibl.40) advanced the following argument in favor of an iono¬ 
spheric system. In view of the fact that the separation of the storm field into two 
parts is somewhat formal, it is necessary to approach with caution any attempts to 
explain these two parts by completely different causes; on the other hand, it would 
be extremely desirable to explain both regular parts of the field of disturbance by 
one and the same physical process. It is difficult to give an explanation of the 
disturbed diurnal radiations within the scope of a theory of an extra-ionospheric 
ring (for this it would be necessary to assume one of two improbable propositions: 
an elliptic ring or eccentricity of the earth*s position). It would seem more nat¬ 
ural to explain the S D -variations under the assumption of currents flowing in the 
ionosphere, whose parameters depend explicitly on the diurnal rotation of the earth. 
This, in Chapman*s opinion, does not allow complete rejection of the hypothesis of 
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7 pi':U. 


in th. i«..ph.r. po..lbl.. :n oonn..Uon *th th. IndnotlT. »tl».?' 

l^^S.of'i&^i* •»HT ^aln.4 fro. th. .Undpolnt of lono.ph.rlo . 

" . ' ‘ » 

* '.v' A ‘V . * % . 

■ current «yat«Mi : .3 . ■ - 

■ : Th... Tl~. on th. .X~trlo ouS«t. of th. perturbation fl.U •« >•— d ^ , 

- .taully on . .tv* of th. Iddl-latltud' plotur. of «»«• *” d »*" 

• . ... Ji AAtiaa nlT>^1*fl 1 


||v«- 0 bj..t of flaming thi. Piotur.. m th following s.otion, « -m «— ««* 

^ f 18 I ^fotid toith. •l.otrlo currants flowing in th. polar .ones. 

r'• 20— ■a. ” • 

v l f oo “ Saotion 5. . *l«ntrio Cur ^t. of ths Auroi riJZon* 

- ; Q,2 '• >:Th.'liur»ill 0 ^ie O of th. r.gul»r aid l«^r f«U of th. p.rturh.tlon 
' ‘,.j fl.lds in th. high UtlthdM ha. oo^.n.1 W inY..tlgatoro to ..mm. that . po«r 
■ ;„= ful .l.otrlo ourr«lt flow along th. auroral .on.. W. bar. rtx~df »—« of 
; oI Blrkeland'■ id... a. to thi. ourr.nt. OtL author, hav. nad. 

■ ® 3 ,“ for individual inotmt. of tin. of indiviiual .torn.. Th... Inolud. H.Nl.h (B .1 

/AoKI.,. work i. lnt.ro.ting .in., th. pot«>tl.l of th. fild on a bound.! — of 

3S I th. «rfao.. t^^ = ^^”^3 0 t B ? + B„.l n na)+ I 

8qI 3 j * , . I 

J (A'lCosnx + B^tlnnx), j 

‘r.* a 1. th. abscl.oa of th. point (dip- ft- th. .on. of P^Ur -*-» and 

■ a. th. ordinate Ch.lght about «*•. -fa..). «- —^ « “* * 

jp^-rt. of th. field into awlogou. ..rl... ft- th. data of o.rtaln ob.^torlo. 

Aoo.t.d n.ar th. polar .oh., ha. -0— U— ** ^ ° 

;„3«t«nal and Internal origin (I/, - I/O V ha. nad. It po..lbl. to —~ th. 
sdh^ht of th. curr®„t. Th. b..t ^ ««h th. ob..rrational data »• *- 
■ •srl a-h.lght-ot-h 100 V. and.th. ..-Ptlon that th. ourr«t fl«. in a •* . - 

-f„l of kUcatetera.aid.. or.r thi. .oh., it ».t b. not.d that th. — - . 

5P~ ^ 33 
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in the polar /regions l ;‘ : ].The high degree of local variation in the distribution ofthe 

»*'ai 6 n »-’ ; .>■•:> y« .<*?..v- ‘ s>,- , 1 - s " ■*/ I-V }' - - • .-• - - »• 

" Vcotor of disturbance. would b« difficult ;o explain under the assumption that the 


sources of the field were located far 


the earth*a surface* 


. The oaloulatiohs of the linear elect: do currents responsible for, the high- 

12— ’ ' ’ - \ - •- ; r * 

_ latitude part of the S^-variations were wide by Harang (Bibl.44) and Sucksdorff. 

14 ' • 

_ (Bibl.55). The materials used in both canes were the 3^ rariations for the Second 

_ International Polar Tear for sereral stat:.ons located olose to the auroral sone. By 

18** 

_ c ombining the observations of pairs of stations (cf(Chapter V for the fonsilas), the 

20 _ 

_ authors calculated the position of the sake, the strength of the current flowing in 

22 

_ the sone, and the height of the current fir various hours of the day. According to 

24— ’ 

_ Harang, the most probable value of the hei ght is 100-200 ka. According to Sucksdorf. 

26 _1 \ 

,_J the height varies over a very wide range, from 100 to 1,000 ka, and shows an obvious 

•’3_j 

_] dependence on the time of day. The great discrepancies between the values of the . . 

’ parameters found by Harang and Sucksdorff indicate that a sure careful selection of > 

i? 

_ .the empirical material is necessary. Harang found the linear horisontal current to 

u\ 

_Jbe doubled in the polar tone, which is ali o confirmed by Yu.D.Ka l i nin (Bibl.20) on 

3t'_l 

--'the basis of the geographical distribution of the u-measure. Sucksdorff found that 

1 ^ - 

—for a better representation of the observed material, it is necessary to assume a 
system of vertical currents descending from outer space to the earth*s atmosphere in 


-^regions close to the magnetic field. 
-2 sent a closed contour, and it must be 


• Sucl :sdorff * s verti 
be assumed that it is 


vertical current does not repre¬ 


scattered due to a recombi- 


-•nation of particles in the lower layers of the ionosphere. In performing his ealeu- 
- 1 1 
,lations, Sucksdorff started from Chapman»s hypothesis that the internal part of the 

i 

perturbation field is equal to 2/3 of the external part. Harang in comparing the 
calculated variations of the horisontal and vertical components, found that such an 
idea leads to a poor correspondence of the H and Z variations, and that a lower 
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0 Z^SKiTorm ratio I/E,~i5SilF°n« oS th * ord,r ot 'O' 1 * '«"*»•''P*»WKU. A. WnUI 
2 ~ s ,« later in Chapter V, the calculation of the external and internal potentiale of j 
' 4 — s D , for high latitudes, leads precisely tc such small values of I/E. 


The explanation of the field of a mat netic storaby a vertical current descending 
- !„ the auroral sone is likewise contained in the very interseting but somewhat con- 


torrersial papers by M.N.Gnevyshev (Bibl 


a in tne 1 
..12, 13). 


Let us first discuss the classi- 


J2 ~jfication of storas proposed by him. In comparing the magnetic and ionospheric data 
and considering the geographic distribution of the perturbation field, he case to the 
;t ; conclusion that there are two types of atoms: polar and worldwide, but his classi- 
,f ~ fication is not identical with that by Bi&eland. He includes most of the moderate, 

2 ".great, and violent storms usually observed over the entire earth, into the category 
-- - of xorldwide atoms. He considers that tile marl b ub of the vector of disturbances 
’ ’ - during these storms is observed in the auroral sone. He places a relatively small | 

’• number of storms in the second, or polar category; these are storms for which the j 

auroral sone plays no particular role andjwhose disturbance reaches a maximum at that 
( ! - magnetic pole or near it. He supports this classification of stems with graphs of j 
‘‘the disturbance vector plotted against the geomagnetic latitude, and with comparison^ 
"-‘of the magnetic and ionospheric disturbance. The worldwide storas, according to ■ 
2 *~ Gnevyshev, are caused by a vertical electee current descending from outer space and, 

U jreaching heights of 80-100 km (the lower boundary of the region at which the aurora j 
u ‘H can be seen). He takes this stand on the basis of the Stoermer-Birkeland theory, «»f 
' 5 'isuming the direct superimposition on the geomagnetic field of particles of a singly-^ 

■ ' 5 - charged stream. He circumvents the objections raised against that theory by assuming 
Te ry low flux densities (of the order of ? cm?), f*irly high particle velocities, as 
46 well as a pulsating radiation (noncontinuous) of the particles by the active foci ofj 
- the sun. Postulating a linear vertical current, he successfully calculates, from the - 
... observed geomagnetic variations, the current strength, the polar distance of the tonje, 
>' >4 -;th. penetration of particles into the atmosphere, the cross section of the flux, the ( 
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Velocity of th. ^ ^ th. <* « * ^ "* : 

1.in,ly-loni..d h.llu. —). Th. d-or-ewd -■= 

.. . I __ frrm *fch6 lOUTCSB of th# X*SM# 

’ 'loir latitudes is explained by hi* by thsii] __ *--= 

:: ^or * —«■— ™~ ■= 

in th. middl. and low latitude.. Gn«vy.h«v*. p.p.r. ar. of *«*t «!»., . o. 

"i.liow how th. W .tie data can o. u..d J *d*ng th. — or th. p^tlcl.. wd = 
th. g.-*7 or th. corpu.culw .tr~. »t thw do P-ok. «rt*n ohJ.cti«... Flrrt. 
th. ola.aiflcatlon .dopt.d hr th. author 1. doubtful. A con.ld.ratlo» of a a.rl.a • 
m^-togr- (cr.0h.ptw II for nor. d.Uila) ah«. that th.r. am no gr-d. for - 
tip, stoma with intw.it!.. incrwin, towrd th. pel. in a »P~.t. —•-* .. 

Second, it i. vry difficult to wpUin 1 r.^r pwt of th. Perturbation fi.ld 
Without acauning currwt. flowing abor. «|. -iddl. latitud.. (cf.Chapt.r 7, 

Th. n« dw.it!.. obtain.! bp Onwy-hw — too low., in thi. connactiw 

th. question twain, opw a. to h~ —W1 th. th.or.ticl ob 3 .ctiou.. raia.d at 
on. tin. against th. Stcma^land dUy, - for °n«r.b«'. 

Section 6. Fggtgti r- , 1 ■ ■ ^ ^ 

Th. pen.tration of aolar ohwg.d pwUd.. of both .!** into th. wrth.. •*»* 

Phar. in th. high latitud.. i. con.id.rd * th. majority of nod.ru author, to b. 

yond doubt. Thi. conviction i. b...d on 4. faotual data on th. W .tlc vwiatlw. 

„ d th. aurora. For «wpl., a - «• ”” , 

with that of th. magnetic disturbance enabld Hanw (Bibl.AA) to calculat. th. wlj 

oclty/r^rVicl.. pw.trating th. .af,. atmo.ph.r. to variou. d.pth.. In a , 
'number of other papwa. radioed, data ar. u.d to dwon.tr.t. th. d..p P»": 
; of pwticl.. into th. atmo.ph.r.. For wpmpl., th. ob..rvatlon. by W.U. (Bibl. j 

• ,how.d that th. lnt.na. polar .tom., a. < nd.. « * ** *"**“ ° ■ 


V w. rwaU Tthat th. curmnt deity according to Chapmu... data i. «pud to 
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'>.P ~■frrtn gly 'ibiorSlng region"at the level" ofthe D layer. Leas intense atoms are 

conne cted with the formati on of a layer j)1‘ abnonnally high ionisat ion at th e leyel o: ‘ 
4 ~ the E layer. In this case, tha energy ia obviously lass, and, consequently, pane- .. 

^ Z tration of tha particles into tha earth’s atmosphere is not as deep. A correlation 

^ 8 ~ in the high latitudes between tha night liyer E fl and the magnetic activity is noted- 

J0— . 

_ In a number of papers (of*for example $ Bibl.l and 2)* 

The definitive experimental proof for the penetration of solar particles into 
• U ~ the earth*a atmosphere was obtained by sp< ictrophotometry of the aurora. It iB well 
lt> Z known that the absence of hydrogen lines : n the auroral spectra was long a puzzle to 


_ those interested. From the 1930*s on, it has been possible, owing to the improved 

20_ 

_ technique of spectroscopic work, to find (but rather rarely) the H a line in the a- 

22_ ! 

__ uroral spectra. In connection with this fact, Vegard postulated that hydrogen is no » 

2 1 — i 

_a permanent component of the earth*s atmosphere in the high latitudes, but is only a 

26 - - 

_ | stray brought in by the solar corpuscular,stream. During a few auroral displays of 

•> y _. 1 I 

Zi 1950, he was able to discover (Bibl.29) a[Doppler broadening in the H a , H p and H x 

> ft I I i 


lines| indicating the vertical displacement of hydrogen atoms at velocities of 800- , 

3 2 _■ 1 

_^3,000 km/sec. Thus the question of the introduction of solar particles into the 

.jearth*s atmosphere must be considered definitively solved. 

_, Much still remains unclarified with respect to the excitation of the currents 
— directly responsible for the fluctuations of the magnetic field. Since, with a 

-neutral stream (and there are not many grounds for doubting such a stream) the direct 

42 _ 1 

I Influence of the field of particles of Biriceland-Gnevyshev is inapplicable. Therefore, 
—.some mechanism responsible for the separation of the charges or the excitation of 
'some kind of currents must be introduced into the argument. The Chapman-Ferraro 
[theory, which is merely a theory on the formation of the equatorial ring (i.e., a 
'theory of the middle-latitude part of the D^-variations), gives no answer to this 
| question. It is true that the above-mentioned note by Martyn does contain indi¬ 
cations of the direction in which the theory would have to be further developed to 
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obtain an.axp 

unsup ported bjr jiny calculations, cannot bi oonsidsrsd a rsllabls explanation of the 
phenomenon. ' 

-ArT~i^i*"*tlQn~of~tRi~dl¥turbfooefl i i~ thaThlgh latitude a ia worked out in more 

detail in Alfven's theory, which ia an attempt to reconcile the view of Stoermer and 
Birkeland with those of Chapman and Ferraro. The Alfren theory (Bibl.4) ia based or 
the assumption of a stream consisting of charged particles of both signs, whose 
motion from the sun to the earth takes piice under the action of the inhomogeneous 
magnetic fields of the sun and the earth md of the electric field created by the 
stream itself. As in the Chapman-Ferraro theory, as a result of the encounter of 
the corpuscular stream with the geomagnetic field, a "hollow” is formed, which is a. 
region surrounding the earth and which does not allow penetration of the charged 
particles. Under the action of the Inhomogeneous magnetic field of the earth, the 
paths of the positive and negative particles separate, but since their total number 


in unit volume is the same, the volume charge remains equal to sero. The electrons 
which, in the equatorial plane, bend around the forbidden region in an easterly di¬ 
rection, and the positive particles moving toward the west, form an electric current 
of westerly direction, which is eccentric'with respect to the earth (Fig.5). The 
current comes closest to the earth on the evening side on which, in addition, the . 
greatest density is observed. This part of the current system is responsible for 

the D .- and S_-variations of the middle latitudes. The dimensions of the forbidden 
flt D | 

* It is postulated that the charged particles in the equatorial current torus,close 
to its surface, might become detached from the body of the flux and be displaced to-? 
ward the earth along the lines of force of the magnetic field, which are lines of 
very high conductivity. The entrance of these particles into the earth*s atmosphere 
at the latitude of the auroral zone causes luminescence of the atmosphere, and an 
elevated ionization at the 90-100 km level, and would also produce a strong electric 
field of meridional direction (the positive and negative particles would bombard dif¬ 
ferent edges of the zone). This field, interacting with the permanent mag¬ 
netic field of the earth, would produce a drift of the ionospheric ions of both signs 
in a westerly direction. If the velocity of the positive and negative ions is as¬ 
sumed to be different (v+ > v_), then a Hall current would flow along the zone, east¬ 
ward on the evening side of the earth and westward on the morning side, which would' 
explain the polar part of the current system of Sp-variations. 
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;VonSli.^ron th.- p.'rS»Ur» of th. particles and therefore differ for tho po.ltlv. 
and negative p.rticle.1 th. pooitlv. partlol.. cob. olo..r to th. .arth than th. nog-, 
ativ. on... Th. penetration of po.ltlv. pirtlol.. Into th. r.gion forbldd.n to th. 
i.X.otron. produce. a groat potential dlff.r.nc. at th. bounda .7 of th. r.glon (acou- 
: Wation of poaitlv, p^icle. on th. day hid. and n.gatlv. partial., on th. night 
; - : ,ld,). Th. conductivity of v«y rarefied ga... In th. pr..onc. of a magnetic field . 
la considerably greater along th. dir.otion of th. field than in a direction perpen¬ 
dicular to this. In view of this fact, po.ltlv. and n.gatlv. charges, tending to 
neutralise each oth.r, will mov. along th. line, of force of th. noetic field from 
tb. boundary of th. forbidden son. to th. upper layers of th. .arth-a atmosphere in 
th. high latitude.. Th. invasion of th. lono.ph.r. by th. corpuscle, takes place in 
th. auroral son.. The conduotivity of th. polar iono.pher. is relatively high so that 
th. positive particle, will b. displaced from th. day .id. along th. auroral son. to 
th. night side, and th. negative particle, in th. opposite direction. Thus a peculiar 
kind of discharge current, counterclockwise in th. first half of th. day (0-11 ) and 
clockwis. in the second half (ll-W 1 ) will b. established. Figur. 6 gives a diagram 
Of th. formation of th. current. This current, in Uft-. opinion, 1. abl. to - 
plain th. polar dieturbanc.s end th. aurora. This system of motion of charges was ob¬ 
tained by Alfv«n as a reault of th. solution of th. elation, of motion, of particles 
in inhomogeneous M *>.tic and electric fields, allowing (it is tn,.. only appromi- 
mately) for th. interaction of th. particle.. Th. Alfven theory successfllly explains 
-certain regularities of th. morphology of the aurora (position and diurnal displace¬ 
ment of th. auroral son., certain forms of th. auroral displays, etc), as well as 
the penetration of corpuscles into th. polar ionosphere and tho formation there o 
currents causing th. polar disturb*,...- Thus, th. investigations by Alfven con- 
tribute! greatly to th. develop of th. theory of mastic stems. The concept of 
> the aurora as th. r.sult of discharge current, appear, very probabl. in the lig o 
recent work by several Soviet scientists. 
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In spite of this, the work by Alfven evokes certain conments. First, according 
to Alfven, the po larizatio n of particles In the stream and their motion from the sun! 

to the earth is due to the sun’s magnetic 

i 

field; Alfven takes lO 3 ^ cgs as the value of 

» 

the magnetic moment of the sun, according to 

i 

Khali’s (Hull’s) determinations. Repeated 
measurements by German and American authors 
resulted in much lower values, so that the 
question as to magnitude and constancy of the 
sun’s magnetic field cannot be considered 
settled at present. The only fact which ap¬ 
pears to be beyond doubt is that the magnetic 

field of the sunspots is many times greater 
Fig.5 - Curvature of Stream in the ^ ^ ^ field of the 

Earth’s Magnetic Field, According ^ wouldj therefore , appear that the magnetic 

to Alfven ( Boundaries of For field of the sunspots should have an influ- 

bidden Zone) a) Dipole; b) To the ^ ^ th# proc „ 3 of foroati on and flight' 

^ Un of the corpuscular polar stream, the more so 

since the ejection of particles is undoubtedly from regions located near the spots. 

It is possible that the replacement in the Alfven equations of the value of the gen¬ 
eral magnetic field of the sun by the field of the sunspots, somewhat modifies the 
parameters of the stream, particularly on the first half of the path from sun to 
earth. Second, the explanation of the ^-variations in the geomagnetic field by as¬ 
suming an asymmetric location of the equatorial ring current seems improbable from 
the point of view of the morphology of the field of magnetic atoms; according to the 
Alfven theory we would expect the field of S D to increase toward the equator, just as 
is done by the D st field. In reality, the ^-variations are, on the cont rary, almost 
entirely absent at the equator (cf.Chapter V). Third, according to Alfven, the polar 

l 
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' Jayatem of 'current, cauaing disturbances in { the high 'latitude! is formed aa a resulf 
" of the accumulation of apace charge8 in the equatorial ring. In this way, the in 
•* ■ crease in the amount of disturbance in thsj high latitude during worldwide storms could 

be explained, but this leaves the polar storms completely without explanation, i.e., . 

) , _ : - -- - -it does not explain the disturbances 

affecting only the polar regions, 

•< which are obviously not connected 

^-na \ I /, with the formation of the equatorial 

i / ring. Besides these, and a number • 

j f -r— (r —r 1 j J [jf _ Q f analogous concrete objections, 

\. two other shortcomings of the AlfVen 

i —- ' ' " \ theory, of a more general nature, 

• c) 

must also be pointed out. First, 
b) the Alfven theory considers the for- 

-- mation of magnetic storms and of the 

£ Fig. 6 - Formation of Current Systems According ^thout any connection with 


Fig.6 - Formation of Current Systems According 

to Alfven (- Lines of Force of Magnetic ^ phygicg of the disturbed-day 

Field; -Boundary of Forbidden Zone) ionoaphere . At the present stage, 

a) To the sun; b) Magnetic axis; c) Boundary ^ wQuld geem impossible to separate 
of Forbidden zone the explanations of the magnetic and 

ionospheric disturbances, Just as it is impossible to explain them independently of 
the aurora. Second, m»y stages of the theory have not been vigorously developed. 
There are numerous assumptions requiring physical or mathematical Justifications (for 
example, the assumption that the electronic and ionic temperatures in the stream are 

unequal, and the like). 

Thus, in spit, of the fact that the Alfven theory has contributed much of value 
to the development of the ideas on magnetic stores and the aurora, it cannot be con- 
aidered to resolve completely all questions of their origin. 


of Forbidden zone 
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••'Section 7." Hynniiro Theory' of Magnetic Storas 

1 I» this Section we will briefly discuss the dynamo theories or magnetic die ur- 

bances. It Is well known that, during the first stag, of dev.lop.ent o f the doctrine 
of magnetic etc™., the dynm» theories occupied a prompt positloufthe Angenheister 
theory, the first version of the Chapin theory, the lindemann theory, etc). These . 
authors explain the formation of the electkc currents of magnetic stems by the ver, 
tlcal motion of the upper conducting layers (due either to thermal expansion, or o 
mechanical displacement under the action of the stream of particle, penetrating into 
the atmosphere) in the pendent rignetic field of the earth. All these invests . 
tions, in time, were frind to be unsound (Bibl.AO), and today they are only of his¬ 
torical value. In 19A6, lu.D.Kallnin (Bibl.lB) proposed a modification of the dynamo 
theory, explaining the riddle-latitude part of the electric currents of the S D -varia- 

tions by the tidal motions of the upper layers of the atmosphere, under the action of 

«« il. nnv He dsBcribod tho conductivity 
the gravitational attraction of the mass of the flux. He 

of the ionosphere by the two-term expressionP ■ p, ♦ p c ” herep v de "° te8 the P" 11011 
^ or the conductivity due to the ionisation under the action of the wave radiation of 
the sun, and P c is the conductivity due to ionisation by the corpiscular stream. Nat. 
urally, P, depends on the senith angle of the sun and o c on the geomagnetic latitude 
of the point of observation. It was assumed that the integral conductivity of the en¬ 
tire layer of the ionosphere P, 2 x 10?, and P c - 5.100 cgs. The calculations made 
by Kalinin showed that, under these assumptions, the current system would consist in 
each hemisphere of two eddy currents with center, located at latitudes * 60». On the 
evening side of the earth the eddy with the positive current direction is in the 
northern hemisphere, and on the morning side, the eddy with the negative direction. 

I myself consider that the mechanism of action of the stream on the earth-s magnetic 
field, proposed by Kalinin is possible in principle, but I will demonstrate that the 
t values of P. and P c . adopted by him are in need of review. The value of the p„ of 
the F 2 layer, in a direction perpendicular to the magnetic field (with which the V 
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variations can b. corraiatad), is possibly somewhat lower (for dataila, aaa Chapter 
VIII), while th. value of P c , taken * Kalin* aa erpral to 5,100. retire, the cor- 

responding justification. 

Great attention baa b.an paid in recant years by Japanese geophysicists to 
theoretical and morphological investigations of mastic disturbances. A proposition 
eoe.cn to them is the assertion that a dynamo effect is the Cental cause of geo¬ 
detic disturbances. The revival of th. dynamo theories in the works of the Ja„ 
anese authors is connected uith the discovery, by radio methods, of horizontal 
motions in the ionosphere and of an ano^loue rise in th. ionization (and, consequent¬ 
ly, in th. conductivity) of the lower layers of the ionosphere in high latitudes. 

. .. A f u ald of disturbance vrith motions of the E g clouds. The 
Here some authors connect the field oJ oiswr 

correlation between the appearance of E g in the high latitudes and magnetic acti y, 
as we have already recked, is no longer doubted and indicates the corpuscular nat¬ 
ure of th. Eg ionization. But the explanation of the 3 ,,-curr.nts flowing around the 
entire earth, ae being due to the -ti- of th. E, clouds (and referring the curren 
I of th. I-variations, on the other hand, to the level of the P, layer) would seem un¬ 
reasonable. As shown below, the very frequent appearances of E g in the equatona 
regions weld explain the behavoir of S q and 1 at Buancayo and by no means fit in with 
th e regularities of the storm field. Th. paper, by ,.agate (Bibl.52) are of consider¬ 
ably greater interest. He considers only the polar part of the disturbance (position 

and displacement of the auroral zone, intensity of the current in it, and width of 
the zone) and shows that the polar current could be formed at the 60-100 lo» levs as 
a result of an increase * ionization at this height by 20-.,0 times above its lev. 
on quiet days. In their papers, Negate and Fukushima conduct a polemic with Alfven, 
pointing out that the conflation of th. currents does not correspond to the or, 
of the discharge currents postulated by Alfven. ..agate, using the MC.ish for™ • 
h for the representation of th. field near the polar zone, also investigated the ratio 

' of the external to the internal part, of the field, and obtained E/I - 2.6, wh c 
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' does not contradict the data of other authors. Hasegawa (Bibl.45), in considering 
the diurnal variations on quiet days and disturbed days in 19 polar_ob £ eryatqries,.. 

. made use of harmonic analyses and calculated the electric conductivity of the upper 
layers as well as the gradient of electrip potential required to explain the S^ 
variations by dynamo currents. He also studied the form and displacement of the au¬ 
roral zones during the course of the day and with the seasons of the year, 

I 

It seems that the excitation of dynajno currents in the lower layers of the ionc- 
1 sphere at high latitudes is very probable 1 , taking account of the increase in ioniza¬ 
tion during storms and of the existence of vertical and horizontal winds. It may be 
that these play an important role in the formation of local polar disturbances. Bui 
i for nil that, it does appear unclear, without more detailed investigations whether 

! these currents ore responsible for the polar part of the S -variations, what role it 

I 

1 played by the current excited in the polar regions of the F layer, and, a fortiori, 

i ^ 

, by what mechanism the low-latitude part of the Sg-ourrents is formed. 

1 

' 

| Section 8. Bav-Like Disturbances j 

In all the above papers, except for the investigations by Birkeland, the subject 
of study was the fields of worldwide storms, i.e., of storms during which substantid 
variations of the magnetic field were observed in all latitudes. After the inveBti- 
j gations by Birkeland, which unfortunately have not been sufficiently developed in 

I 

! subsequent papers, it became clear that tho polar magnetic storms accompanied in the 
middle latitudes by small bay disturbances, constitute a special phenomenon charac¬ 
terized by a different field structure and a different origin. A few papers devoted 
to the statistics of bays in the middle latitudes ore known (Bibl.8, 25). Thanks t<i 
them, the questions of the diurnal, seasonal, or 11-year march of the frequency of ' 
bays have been partially settled. Papers devoted to the considered of individual 

bays are also known. j 

The most complete investigation of bay-like disturbances was made by Silsbee 1 
and Vestine (Bibl.54) who subjected the bay-like disturbances observed by 13 obser- 
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fTa^Tto^'t^Saoina'l^ ** 

the problems of- dletributlon-of —^ ' 

r +v, ft vaar This led to a oonoept aB to the 

- hour periods and during the course of the ye . - - - - "- 

...- ----- ; ■ ‘n b f ^ a eystem of ourrents corresponding 

- mean (or more accurately the typical; ay, 

I to this typical bay was constructed. Wo (rtll discuss the work of Silsbee an ee- 
: tin. in nor. detail in Chapter VI, which Is spsoinll, devoted to bay-UKe di. 

= tenses. Silebee snd V.stins also caloulid the tin., polsr onrrsnts Tor 2 0 indi- 
I vidual on.se of bn,.. The dirsotion of t|» current, in almost all oases, « 

I l8l to the aurorsl zone. The height of tin, current, even sccordin S to data fron 
I olosely ndjnosnt observatories, varied ov r a vide range (for in.tance, 1 2 f on 

- 3 Inly 1 , 3 d, aooording to the data of one, pair of stations, h vas 100 >», vhile as- 

3 cording to the data of another pair, b wag *0 I-. At * on 26 dune 1933. h «| 

'EL and 550 ta, respectively). Such fluctuation, of height must be considered » - 

>_ , , onnt nlwavs well approximate the observed distri- 

_ dioation that a linear current does not always w 

B Z bution of the field of a polar storm. 

fc Section 9. Querent Systems of TpdiTldual] Storing 

is vill be clear from the foregoing, the Rental trend in geomagnetic dur^ 

Hing the past tvo decade, ha. been toward detection and explanation of the mean r.^ 

“3 lar features of the perturhation field. A relatively snail number of papers have ; 

’"3 been devoted to a.tudy of individuanagnetic storms. In addition to the above- 

mentioned animations of the polar current of individual disturbances, there - 
«- aleo a few oases where the surface-current systems of individual stoma have been 
“i considered. Thus, lu.D. Minin (Bibl.21) in 193d constructed ieopotential lines * 
,6 the method of graphical integration for three successive instate of time for • . 
'“I disturbance of 17 March 1933 for the northern part of Masts. Since the die r 

tlon of ieopotential lines allows the conflation of the lines of the surface sy*. 
fh- tern of current, to be Judged to some extent, the eoncluslon may be drawn from 

' ’■ 1933 bear some resemblance to the mean systems of and D P 
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‘or Chapnan (Fige.4a and 4b>. From each map, the part or the middle latitude e 
Ld or the polar current of S„ may be Found. Specifically For a solution o f the ques¬ 
tion as to how much the electric currents, calculated For individual instant, oF time 
resemble the current, or th. regular part. oF the etc™ Fields, Vestine (Blbl.6 2 ) 
constructed current systems For Five magnetic storms, oF V, October 1932, 30 April 
1933, 5 August 1933, and 15 October 1932. A, starting material, the mean-hourly 
value, OF the poetic elements From observation, oF about 40 stations in the north¬ 
ern hemisphere were used. The methods oF constructing the current line, was appror, 
imate, i.e., the same as that used by Chap™ For the construction oF th, D,t - 
Sjj-variation,. The part due to the internal induced currents was eliminated From the 
Observed values oF the element, by multiplying the observed values oF Z and dividing . 
the Observed value, OF ,1, by 0.0. Tbi, Factor was compiled by Vostine instead oF the 
factor 0.6 used earlier by Chapman, in connection with the paper, cited in Reference, 
41 and 46, whose result, were mentioned in the preceding Section. The maps oF the 
current lines presented in the cited work show very plainly that, in all eases, it is 
possible to detect two intense eddies characteristic for the S„-variation, a densi- 
tication of current line, in the polar tone, and parallel current lines in the low 
latitudes, characteristic For the ^-variations. The direction of the current corre- 
speeded in all cases to what would have been expected From a consideration of th. 
average systems. Thus it may be considered that Vestine's experimental calculations 
yielded an interesting result substantiating the investigations by Chapman, devoted 
to the regular part of the fields of magnetic storms. It goes without saying that 
for a more trustworthy solution of the question posed by Vestine as to the ratio of 
the average to th. individual current systems, it would be necessary to accumulate 
a large amount of material and to replace the mean values of the magnetic element, 
by their instantaneous values. 

Section 10. Irremilar Part ol th e St orm Fiel d_ 

The question of the irregular part D. of the perturbation Field is one oF the 
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moot obscure questions in geomagnetism. The statistical investigation of the mag¬ 
netic disturbance, or activity, is usually conducted by using magnetic characteris¬ 
tics, i.e., by estimates of the degree of magnetic disturbance. Usually these char¬ 
acteristics take account of both the regular part of the field, the irregular fluc¬ 
tuations during storms, and the small disturbances. Thus tie stnMstical regularities 
of the irregular part are studied in rather great detail. Unfortunately, only a few 
attempts have been made to correlate the study of the regular and irregualr variations 
and to explain them within the framework of a single hypothesis. The well-known mon¬ 
ograph by Chapman and Bartels, which considers in rather great detail the questions 
of magnetic disturbances, devotes a page and a half to the irregular part, in which 
it is stated that the high intensity of the field of D* in the polar cap may possibly 
be connected with local and rapid fluctuations in the ionization, which follow from 
the variability of the fonn and brightness of the auroral disolnys. The explanation 
of the irregular fluctuations in the temperate latitude differs according to what 
systems of currents (ionospheric or extra-ionospheric) wore adopted to explain the 
regular part of the variations. Here Chapman states that, so long as no authentic 
theory of the regular parts of the disturbar.ee has been constructed, scientists will 

be unable to give explanations for the irregular fluctuations. 

A.P.Likol'skiy (Bibl.26) has again raised the question as to the ratio of the 
irregular fluctuations to the regular parts of tire disturbance, in a series of napers 
devoted to the statistics or magnetic activity in polar observatories. Like 
Gnevyshev, whose papers were mentioned above, I'ikol'skiy is a nrononent of the theory 
of the direct influence of the field of charged particles on the earth's magnetic 
field. Each pip or pulse on the magnetogram is in his opinion, a direct result of 
the invasion of the earth's atmosphere by a group of particles. The regular parts of 
the field of Disturbances, at least in the high latitudes, are the results of 
formal averaging of individual and independent pulses and do not correspond to any 
real physical phenomenon. Since the distribution of the frequency of positive and 
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negative pulses during the course of a day obey definite regularities, the averaging 
of the values of the magnetic elements for a series of disturbances creates the im¬ 
pression that a regular diurnal march of the perturbation vector of S D does actually 
exist. Since, in most cases, the pulses in the horizontal component are negative in 
sign, this leads to Lhe false conclusion that H decreases uniformly during the tune 
of a sLorm. The mean diurnal value of 11^ for disturbed days, taken at selected quiet 
intervals in those days, coincides will in an accuracy of 2-3 Y with the mean diurnal 
value !l q for quiet days. This result, obtained by likol'skiy for a number of high- 
latitude observatories, indicated the absence of a general regular deoression on 
stormy days. .JithouL dwelling here on a criticism of Ihis fundamental pronosition by 
hikol'skiy (wo will return to it in the next Chanter) we may state that his work is 
of great value even if only because il lias attracted attention to the study of 
and has forced a reconsideration "de novo" of Lhe question as to the ratio of the reg¬ 
ular to the irregular parts of lhe disturbance. Without a correct solution of this 
problem, to which an undeservedly 3inall amount of attention has been given, a proner 
approach to the solution of a numbor of problems in the theory of magnetic disturb¬ 
ances is impossible. 

Section 11. Conclusions 

On the basis of the brief survey of recent papers on magnetic disturbances, 
given in the -.receding Sections, the following conclusions may be drawn: 

1. The morphology of the field of disturbance has no.t yet been adequately been 
studied. More specifically, there is no complete clarity with respect to the classi¬ 
fication of magnetic storms; the regular variations in the high latitudes have been 
little investigated (not only is their form unknown, but even, as indicated by the 
works of A.I*.hikol'skiy, there is not even confidence in their existence), etc. 

2. In spite of Lhe large number of naners devoted to the construction of elec¬ 
tric currents, this question is still far from a definitive solution. Chanman's 
current systems, which are the most trustworthy, are based on insufficient material 
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and have been constructed * an extremely * method. It would to desiratlc ' 

to use all the observational Serial available today and to us. objeotive analytical 

methods for continuing the investigations in this direction. 

3. TOO little material has teen accumulated to Judge the ratio of the re^ ar 
parts el the Held ol disturbances to the irre.lar Iluetuations, and to estimate . 
correspondence between the average current sterns and the currents ol indlv a 

storms. . 

1 There ar. also Inadequate data with respect to the separation ol 

served Held ol disturbance into parts ol external and internal origin. The separ- 

T/ii> r or the disturbed variations and 
ation of the D st field has shown that the ra i / 

the quiet variation, (S q and L) is not the same. A hnowledge of the ra io 

also important lor a correct evaluation ol the intensit y and concretion ol the 

external currents and Tor evaluating the conductivity o f the deep la y ers ol the .art . 

. current systems con 

5 There is almost a complete lack of compan 

struct, on the basis ol magnetic data with our modern ideas on the -.hereto 
disturbed da y . The us. cl ionospheric data is necessary Tor an, Jud 0 ,cnt as 

reality ol the currents calculated and lor rerining their parameters. 

r currents corresponding sufficiently well to 
6. The construction of a system of currents P 

. . n„ is a necessary basis for working out plysica 

the observed geomagnetic variations, is a neces y 

explanations of the nature of magnetic stems. 

The extensive materials on the geomagnetic variations, accumulate up o 

connection With the published series cl the ebservaticn, oT a s, e 

for the seccpd Ipternatieuai Polar Tear and with the data o f Soviet observatories 

in the morpholog y o f magnetic storms and to carr y out a PC- constriction oT tb. 
rent systems. The Tallowing Chanters ol the present worh ere devoted to a die 

k of the results obtained. 


F-TS-S974/V 




moved for Reh 










C06028201 


roved for Rel 




CHAPTER II 

DIVISION OF THE FIELD OF I1AGIIETIC STORMS 

Section 1. Classification of Storms. Polar Storms 

Before proceeding to a discussion of the regularities obeyed by the field of 
magnetic disturbances, the most acceptable classification of magnetic storms must be 
selected. After the work done by Birkeland, Gnevyshev, Vestine, and other authors, 
it is indisputable that magnetic storms, in all of their diversity, may be still sub¬ 
divided into two main groups: polar storms and worldwide storms. The most correct 
definition of a polar storm, in my oninion, is the definition given by Silsbce and 
Vestine, according to which an elementary polar storm is a disturbance lasting from 
one to several hours, which in its form recalls a bay, of great amplitude in the 
polar latitudes and very small amplitude in the temperate latitudes. Polar storms 
(see Fig.7 for examnles) may be observed on both quiet and disturbed days. It will 
be seen from the diagram that, at high latitudes, the amplitudes of a polar storm may 
be very great, over 1000 Y but that, with increasing distance from the auroral zone, 
the value of the amplitudes drons sharply. Figure 8 gives the latitude-dependence 
of the H and Z components of a polar storm (according to Mcf.'ish). Figure 8 shows 
that the correspondence between the field of a polar storm and the field of the lin¬ 
ear electric current flowing in the auroral zone is excellent. The decrease of the 
field in the temperate latitudes may be considered the result of the increasing dis¬ 
tance from the sources of the field. Thus the polar storms, as we understand them, 
have the same geogaphical distribution as the worldwide storms in Gnevyshev 1 s class- 
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ification. As for Birkeland's definition of polar storms, as already remarked in 
Chapter I, there is no necessity of dividing polar storms into positive and negative 
according to the sign of the horizontal component of the perturbation field. I 1 inure 
31 (cf.Chanter VI), which gives the distribution of the vectors of th« field of a 

* , —s V - 

rUC. ... liT 


.. o 







0—^J 


!a h ~20 h 22 h '- - 1 

la h ~To h 

Fig.7 - Polar iitorms. Universal Time (a - H March 1%6; b - 13 March 1%6). 
a) Tikhaya Bay; b) Ilatochkin Uhar; c) Dickson Island; d) Moscow 

tyr.ical bay, shows very clearly that nositive and negative polar storms are observed 
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simultaneously in the same latitude but in different longitudes. Polar storms are 
short-lived phenomena; the values of the magnetic elemonts return relatively rapidly 
__ to normal, and no prolonged aftereffect can be 

'~90* 5*~ 79* KT 

y /Jft detected on the magnetograms. Nor is it possi- 

*-200 U 

J 1z i hie to detect such a persistence by statistical 

4 methods. At the Tikhaya Day Observatory, the 

• -200 I / t '' 

_ \\f _—o- mean vaLues of ii and Z were calculated for 38 

\ / H -200- quiet intervals following immediately after 

\ I Polar bay disturbances, and for entirely quiet 

** days during the same period of time. The small 

difference obtained (2 Y in II and -3 Y in Z) 

Fig.fl - H and Z Components of the 

indicates the absence of any aftereffect. A 

Field of a Polar Storm, According 

consideration of individual cases of polar 

to McNish ( ■ i . Observed Values; 

storms (Figs.7 and 9) and of the typical picture 

- Linear Current Calculated 

(Fig.31) forces us to consider that the field 

for tin Field) 

of a polar storm also lacks the aoeriodic dis¬ 


turbed variation (D st ) in the sense given to it in the papers by Chanman. Indeed, 
the field of the D g ^-variations, by definition, depends only on the stormtime* and 
does not depend either on the longitude nor on the local time, while the disturbance 
vector of a polar storm differs at different longitudes of the same parallel of lat¬ 
itude. On the other hand, the disturbance vector of a polar storm depends explicit¬ 
ly on the local Lime, and thus, retaining the Chapman notation, we might consider 
that the two parts 0^ and were present in the field of a polar storm. However, 
in view of the fact that the duration of a polar storm is much shorter than a day, 
it would be meaningless to speak of its diurnal periodicity; it is more correct, 

7 fhe time reckoned from the beginning of a storm will everywhere henceforth be de¬ 
noted byi ; for this reason, we will denote the frequently aperiodic disturbed var¬ 
iations by the symbol D st ( t ). 
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without delimiting the regular and irregular parte of the storm field, to conoider 
.that the field of a.polar storm (which we will denote by the symbol P) depends on 
the local time, i.e., P(t). The frequency of distribution of the positive and neg- 

I ative P-storm 3 is unequal during the course of a day (cf.Table 13), end the mean in- 

! | 

! tensity of the disturbance is likewise unequal. It follows from this that, in cal- 

I I - 

• culating the mean diurnal vales of the elements for days with P-storms, we will have 

.1 J 

! a systematic decrease in H with respect to the quiet days and a systematic elevation 

' j ' j 

in Z. This must be borne in mind in considering the distribution of D m «= - Hq. | 

: I 

I Thus, it seems to us that the accuracy ofiNikol'skiy's conclusions that there are j 


0 h V* 't u i h 0 h 12 h 24 h 

.. 


Qh ,2 h 24 h 


vAA- 


"A/— 


81 ~y ac 


Fig.9 - Polar Storms of 1, 2 and 4 May 1933J Y-Component 
Sveag. (Sveagruvan), $ =74°, A =131°; Chester. (Chesterfield), 

$ = 73 °j A =324°; M. o-va (Bear Islands), $ =71°; A =124°; 

R.S. (Rude Skou), $ =56°, A =98°; Azhin. (Agincourt), $ =55°,A =374° 
a) 1 May; b.) 4 May; c) 1 May; d) 2 May; e) Sveag.; f) Chester.; 
g) Bear Island; h) Rude Skou; i) Agincourt 

neither regular D g ^-variations nor stable aftereffects is greatest for the P-storms, 

, Section 2. Worldwide Storms. -Variations - 

For worldwide storms (cf.Figs.l and 2), the most characteristic feature is the 
distribution of the disturbance over all latitudes, although the high latitudes are 
still the most disturbed. A second feature of worldwide storms is the existence of 
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'ZVagular Mmponent8 _ of the“field7«>« VH S D -variations.' There' can hardly be a 1 = 
! I.doubt as to the existence of .D Bt -variatioijs in the temperate latitudes. Indeed, if j 
‘“we consider magnetograms of low-latitude observatories, where the irregular fluctu- .. 
ations distort only slightly the smooth parts of the elements, even during disturb- ■ 
ances, then, without any statistical treatment whatever, we will in each atom dis- . 
itinguish the positive and negative phases !in the variations of the horizontal com- , 

’ i ponont. The statistical computations described in Chapter I and the existence of a j • 
very stable aftereffect, are other convincing arguments for the existence of these 
variations. The slowness of the return of the magnetic elements to normal may be 
judged from the noncyclic variations. The noncyclic variations, measured by the dif¬ 
ference between the value of the element at 24 h and at 0 h on one and the same day, 
are always positive for II and negative for Z, on international quiet days. This is 
evidence that even on the quietest days, which are free from irregular fluctuations, 
a slow return is observed (increase of li and decrease of Z) to the normal values of 
the elements, i.e., the action of the D gt -current system is not interrupted. 

However, the work by A.P.Nikol'skiy has made it necessary to answer the follow¬ 
ing question: Do the D at -variations exist in high latitudes? If they do, what are 
the values of D st in the auroral zone and on the polar cap? To answer this question 
it is necessay to take account of the fact that, in the high latitudes, the irregu¬ 
lar fluctuations are so great as to exceed, by many times, the possible value of the 
regular part of the field. For this reason A.P.Hikol'skiy is justified in stating 
that, if the irregular fluctuation obey any law (for instance, the predominent de¬ 
crease of the H component), they will prevent elucidation of the true regularities 
of the regular part of the field. In view of this fact, I decided, as A.P.Hikol'skiy 
did, to evaluate the D st field by calculating the mean diurnal value of the elements 
at intervals for the stormy days free from irregular fluctuations. This method of 
estimating D st is somewhat arbitrary, since there are very few quiet intervals dur¬ 
ing great magnetic storms, and their selection is not without subjectivity. In most 
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cases, the quiet intervals can be detected after the extinction of the groat irreg¬ 
ular fluctuations of the main phase, during the period of the aftereffect. By this 
method, I calculated the values of ,. q - and of Z q - < lor the observatories of 
Honolulu, San Juan, iloscow, Cheltenham, Tucson, Sitka, Bear Islands, and Tikhayn Bay, 
whose magnetograjns were available, as an example, fig.10 gives graphs of H q - lf q and 
Z - ^ for 1932/33 and 1947“. Both parts of Fig.lOa show, in agreement, that the 
difference H - rf*. which reaches an order of 100 T in the equatorial region, declines 
monotonously^increasing latitudes, reaching practically taro at latitude 70 . 

„o increase of H q - 1$ in the auroral tone is detected, while the difference D, n = « 

a ftcr a certain decrease at latitude 5C», increases sharply at latitude 65-70T 
The’values of Z, - 4 are negative, and involute value increase from small values 
in the low latitudes to large values for the observatories at Sitka and Hear Islands, 
m the low latitudes, we have >, q > 0., which ~y be explained most easily by the fact 
that H - if* was calculated for a few of the strongest storms, while D„ is Lin result 
of averaging the international disturbed days, most of which coincided with moderate 
and even smll atoms. The excess of H q - 1$ over D m in the high latitudes is to be 
explained, in all probability, by the fact that in these latitudes, there is another 
factor besides D„ t , which likewise systematically lowers (I during the time of a dis¬ 
turbance. This factor, in my opinion consists of the irregular fluctuations super¬ 
imposed on the regular part of the field of worldwide disturbance. 

-fh. va -I^Tof H q - .«> for Tikhaya Bay are taken from the paper by ».P."ikol'skiy, 
and since the data for the Second International Polar Tear and 1947 were unavailable, 
the data for 1934 and 1946 were used instead. During the entire 12-year period of 
1934-1946 for which llikol'skiy gives data, however, the value or >' q - 1 q “ t “ U 
times of the order of 2 Y . 

« ,he graph of the latitude dependence of D„ for 1933, 1936, and 193B, constructed 
from data collected by me, is presented in Fig.32 (Chapter VII). 
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A consideration of magnetogramc with polar stoma on quiet days, ■agnetograms 
of moderately disturbed days, and of great magnetic stoma will convince the inveati- 

gator that the polar storms of a quiet day 

*° c > and the great irregular fluctuations dur- 

70 * d) 

• ing a worldwide storm are one and the same 

$0 ‘ 

30 - p Phenomenon; during a worldwide storm, a 

1 IQ - .. . 

i . j l.nrrtp number of nolar storms of various 
- % -- so 90 tOO 130* HfH* 

amplitude and forms follow each other or 

v are superimposed on each other, and, being 

90° r 6.T 13011 

70 * d) g) accompanied by other forms of disturbances, 

50 ' ** e l give tie impression of complex random 

JO - • , , 

fluctuations. This proposition has served 

• l i_ |.. I t ^ 

p 20 <io SO SO W0 120 as basis for the conclusion drawn by 
.. Mikol'skiy that a magnetic storm is the 

30°- a$7t. sum of individual pulsations piled one on 

g) . . . • 

jq . • the other, a conclusion winch in my ODin- 

h) * ion is erroneous. It is correct to assert 

50- • g > 

J that, during worldwide storms, a multi- 

30 ’f) tude of Dolar storms is always superim- 

posed on the regular parts of the disturb- 
0 20 to 60 60 too ffl'Zf-Z* ance> A worldwide storm without polar 

Fig. 10 - Latitude Dependence: a) of gtoms is possible; they are an insep- 

H q " f q 5 and b) ° f \ ' V C) rikhaya ar able part of it. But the worldvri.de 

Bay; d) Sitka; e) Thule; f) Honolulu; is not a reS ult of the simple sum- 

g) Bear Islands; h) Cheltenham mation of the fields of the individual 

pulsations of polar storms. It has a fundamentally new property, the regular parts 
of the D sb and S D field, which do not belong to the individual nolar atoms. This 
idea of the classification of storms into polar and worldwide, and of their inter- 


.d) 

•8) 
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'relation, may veil solve ^o contradiction^ between individual investigators on the , . 

'questions oF the morphology and olassiFlcaUon oF magnetic stores. For instance . 
Nikol'skiy 1 s conclusion that the regular lowering o£ H is absent during storms, us 
to the presence oF D. t -=nrrents, can apparent* h. explained as Follows: In clou- ( 
lating the mean value. oF <. hihoL shiv used the tabular material on the hour v c,- 
plltudes OF r„ a. the mean hourly values pi the H component. He selected the val 
cr „ in those quiet hour, (at small values', oF r„>, which -sdiatel. Followed strong-. 

* disturbed hours (at large values oF r„); In most cases, such sequence. oF a s , 
turhed hour Followed by a quiet hour tahe place on days oF polar storms since 
gays OF worldwide storms, the number oF quiet intervals in g.n.ral is vsry smal • It, 
ie thererore natural enough that the statistical treatment should have — . 

regularity inherent in the P-storms but hot in the H-stormC, i.e., an absence . ary 
decrease in H. In the selection oF quiet intervals For the calculation , 

31th., Bear Islands, and elsewhere, w. used magnetons oF worldwide storms and, . 
shown by Flg.10, we obtained values oF H q - diFF.rent From cere. 

Chapman, as already stated, used the values oF to construct the polar part 
the D t-currents. In the high latitude, however, the value oF the horlcontal compon¬ 
ent oF the Field oF P-storms, superimposed on the regular parts oF the Fie o a 
worldwide storm, is considerably greater than this same component oF the D at par . 

It is, thererore, only natural that the calculation oF by .1^-hing - aver- 
age should reveal the properties of P-storms, i.e., the sharp increase q q 

t^so attempt to explain, From this point oF view, H-h-CnevysheVs views 

on bhe latitudinal distribution oF the vector oF disturbance. Prom Pig.l and able 1 

.. bv the vector of disturbance 
/ D jui a* would appear that, uy x,n 

Of the Gnevyshev paper (Bibl.13) it would ph 

he means the deviation From the normal values at the instant oF some distinct 
, „ (For example, aOOOV at the Matochhin Star Observatory), due to a grea 

S we Will "designate worldwide storms in this way to save space. 
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..P-storm, considerably exceeding the D^-part of the worldwide storm in value. It is 

. . I » 

understandable from this that the,relationjbetween A F and the distance from the 

- auroral zone, which is depicted in Fig.4 of the paper cited, characterizes the geo- 

! I . . 

graphic distribution of the field of a P-storm rather than that of an M-storm. This 
and analogous graphs served as grounds forjGnevyshev to dispute the current systems 

t 

of the regular parts of the storm (the equatorial ring or the ionospheric systems of j 

i 

surface currents). i 

As for the storms in which the vector of disturbance increases toward the pole 

i 

("polar" storms, according to Gnevyshev 1 s ierminology), 1 am unfortunately unable to 
confirm or refute the existence of such storms, in view of the lack of empirical ma¬ 
terial that would be necessary for this. It goes without saying that the discovery 
of such storms, if indeed they exist, would be of great interest for the morphology 
and theory of magnetic disturbances. 

The examples given above show very plainly the extent to which the ideas of an 
investigator about the morphology of a disturbance determine his theoretical views on 
the physical explanation of the phenomenon. 

Section 3. S D -Variations 

Let us now discuss another regular part of the disturbed field, the Sp-varia- 
tions, whose existence was doubted by Nikol'skiy. To study Sp I used the same method 
applied to D 8 t, namely, calculation of the variations for quiet intervals of disturbed 
days. Here 1 obtained about the same results for middle-latitude and high-latitude 
observatories as in calculating Sp by conventional methods, i.e., Sp ■= - Sq. The 

diurnal marches for the Sitka observatory presented in Fig.11 show that there is a 
great resemblance between S^ - Sq and Sq - Sq, except that the amplitudes of S<j - Sq 
are greater than the amplitudes of Sq — Sq. The calculation of S^ - Sq for the low- 
latitude station of Honolulu did not yield the expected results. In the low lati¬ 
tudes, the D at -variations are so great that statistical treatment of a very large 
amount of material would be necessary in order to eliminate them, in spite of the 
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fact that the number of quiet intervals on stormy days there is very great. The 
quantity was not calculated for the polar observatories, due to the lack of 

the necessary number of magnetograms ; however, a simple examination of the individual - 
disturbed days is enough to show, as could hardly have been expected, that the ampli¬ 
tude of the S^j - Sq-variations will decrease north of 60°. On the other hand, it 
would appear that these variations will behave in the high latitudes in the same way 
as Sp, i.e., their intensity will sharply increase in the auroral zone. Figure 11 
allowed me to conclude that the second regular part of the field of worldwide storms, 
the disturbed diurnal variations, likewise has an existence quite as real as that of 



Fig.11 - Sq Variations of the Z-<3omponent for Sitka Observatory 

(Local Time) 

- S q - S q,- S d - S q> . p ( fc ) 

the D gt -variations, being found in all cases where the field is free from polar dis¬ 
turbances. 

A second argument in favor of the existence of regular Sq- variations, evidently 
connected with the formation of a stable current system during worldwide storms, is 
the repetition of the active periods of a storm on successive days, which is well 
known to magnetologists. This repetition is manifected not only in the fact that the 
disturbance increases at one and the same hour of the day, but also in the fact that 
the main features and form of the fluctuations are sometimes repeated for several 
days in succession. This phenomenon is easily explained under the assumption of a 
current system encompassing the entire earth and fixed, if viewed from the sun. The ■ 
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system exists for several days, at first developing and then weakening, repeating 
the fluctuations at the very same hours of each day. The Sg-current are apparently 
weaker in the low latitudes and considerably more intense in the high ones. 

Returning to Fig.11, we may say that the S^-variations of worldwide storms are 
very similar to the time-dependenco of the field of polar storms. For comparison, we 
present in Fig.11 the diurnal variations of the Z component of the field of a typical 
polar storm (taken from the vector chart of Fig.31) for the latitude 4> ™ 60°, It will 
be found that both curves, while differing somewhat in amplitude, have the same shape 
and the same times of the extremes. Thus the currents of the Sp-variations of world¬ 
wide storms and the currents of the P-storms, when superimposed, intensify each other 
without distorting each other. 

Section A. Division of the Field of Magnetic Storms 

It follows from the above that the field of a worldwide magnetic storm may, in 
my opinion, be separated into four component parts: 

M = D st W + S DM {t) + P(t) + D r 

The value of the different parts in high and low latitudes is not the same. The 
part P(t) has a great weight (greater than the first terms) in the high latitudes, 
while in the moderate and low latitude it i3 so small that here, without great error, 
we may adopt the Chapman three-term equation. 

D ,t + + D, 

and calculate the regular parts of D gt< and Sp with conventional methods, by appropri¬ 
ately averaging the available data for the mean hourly values of the magnetic ele¬ 
ments. The value of D m can serve as a good estimate of the order of D st in these lat¬ 
itudes; the Sp-variations can be calculated as the difference S d - Sq. Approaching 
the auroral zone, all the weight of the terms P(t), S D (t), and D i increases so much 
that it becomes difficult to separate the part of by simple averaging, the more so 
since the value of D gt in the H component decreases; although it does increase in the 
Z component it still remains, in all probability, of the same order as in the temper- 
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« ate latitudes*. A, will be seen later <cf.Chapter III), an attempt te calculate the| 
i D rt or a polar observatory by the ordinary method is unsuccessful. The value of ' 

! , H H d i„ the polar latitude ceases; to characterise the value of D„ t i the pro-, 

, dominance of negative polar storms has a strong Influence on it. The S d -varlatlons ^ 

! m the polar latitudes, as in the low latitudes, may be taken as to S d - S„, bearing 
in mind the fact that in this way wo are estimating both the regular part of the 
worldwide storm and the part due to the superimposition of the polar disturbances. 

The properties end features of the polar storms are more easily studied by con¬ 
sidering the isolated polar storms encountered on day. free of worldwide storms, as 

has been done repeatedly by a number of authors. 

The proposed division of the field of magnetic storm, can be Justified not only 

from the morphological point of view, but from the genetic as well. The D st -varia- 
tions can be considered a, the field of the equatorial current ring, the S D -varia- 
tion, as the field of the ionospheric currents encompassing the entire earth, and 
the P-storms as the result of the invasion of the ionosphere in high latitudes by 
corpuscles. For a worldwide storm, the presence of all three phenomena is charact¬ 
eristic: the formation of a ring current, the fenaction of ionospheric currents, 

and the deflection of the corpuscles toward the high latitudes. Penetration of the 
corpuscles in the high latitudes always accompanies the formation of gr 
spheric and emtra-ionosph.ric current systems, but such penetration can also take 
place without the formation of such systems. In such cases, only *Ur storms will 

be observed. 

rtT^Se that the Covariations are really caused by the senatorial current 

ring, whose field close to the earth's surface is almost uniform, then the value 

a u of the eauator. While the graph of 
of Z at the pole should be about equal to H at the equa 

Z - Z d (cf.Fig.10b) does not confirm this hypothesis, it still does not, in any 

. q q 

case, contradict it. 
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The above point of view on the classification and division of the field of mag- / 
! netio storms was used by us as a foundation for the workup and analysis of the mat- 
' erial on magnetic disturbances. The D efc -jand ^-variations were isolated by statis- 
; tical methods from the data on worldwide storms, and the three independent systems 
' of electric currents, those of the D„ t - and Sp-variations, and those of the P-storms, 
were calculated. The electric currents of several individual polar and worldwide 
storms were also studied, and their connection with the mean systems was shown. 
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CHAPTER 111 


THE D .-VARIATIONS 
st 


Section 1. The Starting Materials 

To assure uniformity of the starting material, the observations at all observa¬ 
tories were taken for one and the same interval of time, namely for 1931-1933. 

There were two reasons for selecting these years: first, the largest number of data 
have been published for 1931-1933; second, these years are years of minimum solar 
activity. In years of high activity, the superimposition of one storm on another 
makes it difficult to separate the storms and complicates any statistical investi¬ 
gations . 

For 1931-1933, I succeeded in collecting data of the hourly values of the mag¬ 
netic elements for 66 observatories, whose names and coordinates are given in 
Table 1. The Table shows that there are a sufficient number of stations located at 
various latitudes in the eastern hemisphere. The number of stations in the western 
hemisphere is definitely inadequate. 

For 1931-1933 I selected 65 moderate and violent storms with amplitudes at 
Slutsk ranging from ISO to 450 Y . It would have been desirable to determine the 
time of the beginning of the storm separately for each observatory. However, the 
lack of magnetograms from all observatories, that would be necessary for this, 
forced me to assume that the storms begin simultaneously over the entire earth, and 
to take the incipient moment according to the data of the Slutsk Observatory. A 
comparison of the beginnings of the storms for several observatories showed that the 
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1 

i 

Table 1 

i - 


Observatory 


11mle (Tu.) 

Gndhavn (God. ) 

Scoreshy Sound (S.Z.) 
Angmsssatik (Ann.) 
Sveagruvan (Sv.J 
Cheatcrfield (Cli.) 

Tikhayu Day (H.T. ) Calm Hay 
Hear latumls (M.O.) 
Julianenhaali (Yul.) 

ForL llae (F. II.) 
l*oi iiL Harrow (I’.ll.) 

Tromao (Tr.) 

Chelyuskin (Chcl.) 

I'elaamo (Pet.) 

Matoclikin Slinr (M.SII.) 
College. Fairbanks (K.F.) 
Sodankyin (Sod.) 

Dickson Island (Dik.) 
I.erwick (Ler.) 

Knndalnkahn (Kan.) 

Doinbas (I)om) 

Minuk (Min.) 

Ue11en (Ue1.) 

Sitka (Si.) 

Fskdalemuir (Ksk.) 

I.ovo (lajv.) 

Slu Lsk (SI.) 

Hiidc Skou (H.S.) 

Agincotirl (Atb.) 


Agincourl (A tii.) 
Abinger (Ab.) 
de lit 1 (D.U.) 


Srednikon (Sred.) 

Moscow (Mos.) 

Paris - Val Joyeux (V.Zli.) 
Yakutsk (Ynk.) 

Svider (Sv.) 

Clieltenbnm (Cbclt.) 

Katnn’ (Kat.) 

Sverdlovsk (Sver.) 

Zuy (Irkutsk) (ir.) 

Snn Fernando (S.Fer.) 

Tucson (Tuk.) 

South Sakhalin (Toyohara) (Toy.) 
Tbilisi (Tb.) 

Mnytun (Ml. ) 

Tashkent (Tnsli.) 

Sim Juan (S.Zli.) 

Teoloyucan (Too.) 

Ijelwan (Khel.) 

Kakioka (Kak. ) 

Honolulu (Gou.) 

Zo-ae (Z.Z.) 

Hong Kong (G.K.) 

Alibug (Hombny) (Horn.) 

Manilo (AnLipnlo) (An.) 

Iluancnyo (Khuan.) 

K1 1 inhetlivi I le (Yel.) 

Apia (Ap.) 

Hatavin (lint.) 

Pilar (Pi 1.) 

Mauritius (Mnv.) 

Cape Town (K.T.) 

Wnthcruo (Uut.) 

Tonlangi (Till.) 

Aniberley (Antb.) 

South Orkney Islands (Ork.) 



291°.1 
306.5 
338.0 

322.4 
16. 8 

269.3 
52.0 

19.2 
314.0 
213. 9 

203.3 
18.9 

104.3 

31.2 

56.4 
212.2 

26 6 

80.4 
358.0 

32 4 
350.9 

246.7 

190.2 

224.7 

356.8 

17.8 

30.5 

12.4 
280 7 

359.6 
5.2 

152.3 

37.3 

2.0 

129.7 
21.2 

283.2 

40.8 
61 l 

104.0 

353.8 
249 2 

142.8 
44.7 

132.3 

69.3 
293. Q 

260.8 

31.3 

140.2 
201.9 
121 0 
114.0 

72.0 

121.2 
284 7 

27 5 
188 2 
106 8 
296 1 
57 6 

18.5 
115 9 
145 5 
172 7 
315 l 
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lerror involved in this assumption is not greater than ±2 hours, since in the major 


ity of cases.the storms-begin. simultaneously.with an.accuracy of 1-hour..„,The calcu-t 
-lation of D 8 ^. was performed by the method proposed in his day by Moos. The hourly 


values of the magnetic elements were entered for each storm on a separate line, and 

— the resultant Table was averaged by columns corresponding to the hours of the time, 

- - reckoned from the beginning of the storm. This averaging eliminates the irregular 

~fluctuations and the systematic Sq- variations, provided only that the beginnings of 
-'the storms are distributed with sufficient regularity among the hours of the. day. 

The distribution of the 65 storms selected by me revealed a marked predominance of 
storms beginning in the morning hours. In view of this fact, I excluded 11 storms i 

i j 

. beginning a 4-7 * 1 Universal Time from those selected by me. The final list of the 

— ! 54 storms, used as the basis for the calculations, is given in Table 2. i 

The D a ^-variations of the three elements were calculated for 34 hours: from the 

4 th hour before the onset of the storm to the 30^ hour after the onset. The calcu- 

1 

lation of the D a ^ of the declination, or of the Y-component, showed that neither in 
the high nor in the low latitudes was it possible to discern any regularity in the 
variations of these elements during the course of the storm. Since the previous lit¬ 
erature also contained references to the absence of distinct D a ^-variations of the 
declination, the data on the accumulation were not included in the consideration, 
and I assumed that the horizontal component of the field strength of D a ^ lies rough¬ 
ly (at least in the low and middle latitudes) in the plane of the magnetic meridian. 

The Dg^,-variations of the H and Z components for the individual observatories 
axe shown in Figs,12 and 13. The time indicated on the diagram is the time reckoned 
from the onset of the stormj the observatories are located in the order of decreas¬ 
ing geographic latitudes. Our attention is struck by the mobility and irregularity 
of many curves, which is particularly marked on comparison of Figs. 12 and 13 with 
the well-known D at graphs of Chapman (Bibl.40). An explanation of the presence of 
random fluctuations on the graphs of Figs.12 and 13 might in all probability be 
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List of Moderate and Great Mamietic Storme for 1931-1934 


Storm 



Date Onset| o 


16/1 

24/H 

1/VI 


30/IX 
2/X 5 

12/X 9 

5/XI 13 
8 /XI 
26/XI 
2/XII 


1932 r 



Storm 


Date I Onset 



14 3/H 2 h 

15 3/HI 12 

16 10/III 6 

17 28/III 5 

18 I/IV 10 

19 13/IV 8 

20 22/IV 7 

21 23/IV 2 

22 25/1V 10 

23 27/IV 10 

24 2/V 16 

25 4/V 13 

26 29A 7 

27 26/VIII 8 

28 5/IX 22 


Date Onset I of 

Storm 


15/X 
20/X 
15/n 13 
14/m 


R 



19/1 
19/H 
20/11 
21/11 
19/IH 
22/III 21 
24/IH 0 
17/IV 6 

12/VT 16 
23/VII 6 



43 5Am 

44 8 /IX 

45 7/XI 

46 9/XII 9 


I/I 4 h 

8/II 13 
4/III 10 
30/III 15 
29/VII 23 
24/IX 2 

7/XI 11 
7/XII 16 


explained by the insufficient experimental material and the absence of any smoothing 
.process. A consideration of D st at the polar observatories ( $ > 65°) shows that 
the averaging of the data for 54 storms eliminated neither the irregular part of the 
field nor the Sp-variations. The influence of the So-variations is manifested in 
the marked diurnal periodicity of the curves presented, which is particularly strong 
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for the observatories at Dickson Island, Matoehkin Shar, Tromso, Petsaao, and Sodan- 
kyla. Thus, the curves presented confirm the assertion made in the preceding Chap¬ 
ter to the effect that the D^-variations in the polar regions cannot be calculated 

♦V t* »*tt*Mi*r*f****** ■ 

l« • • • • •• 

H M u i 


B.T. 


iv.. 0 - 






'-y\ ^ 

n *°\ ft ■\T K ^ 

. W / e/A 
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WV' 51 


Gtod^*- 


iod 0 »- 


/l, / , 

Fig.12 - D st -Variations (Polar Ob¬ 
servatories) * 
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AiK. o-'^sy 
Elk. 

Ck»l. II- ^ ^— 

5. F»r. 

K»W- 

Twk !>■ _ X ^ N - 

6. K. 

Q\ 0 n \ 

Bom U- 

Jxh. e- 

**»• -v 

Mav. 0* \_, 

Uot- 

k/r. 

Tul. 0- —>, 


Fig.13 - D gt -VariationB (Middle-Lati¬ 
tude Observatories) 


* Translator^ note: For 
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by the Moos-Chapman method. In the polar regions, the irregular fluctuations^), 
the Polar atoms (P), and the ^variations are so great that a simple averaging of 
the material does not eliminate them. In view of this fact it appeared to be inadu 
visable to us. the date of the polar observatories given in Fig.12 in calculating 
the potential function of the D st field, characterising the course of the disturb- 

ance over the entire earth. 

A consideration of the D„ t -vari.tions of the H and Z components of the middle- 

latitude observatories ( * < 62°) " a t0 <*»» the r ° 11 °“ i ”e conclusions! 

. if C.I, 1. The principal feature of D st is 

A the lowering of the H component which is 

S, '“ * W ell perceptible at all latitudes, and is 

less in value than the increase in the Z 
4, ’° ^ component. 

?«:• £ 2 . The D 8 t,-variations of the H compon- 

™ J ent ar e so similar in the northern and 

is’? a\ / vr ^~ r ~^ Vr v v ^ /- —* southern hemispheres, both in form and in 

- 4 iTi sign, that it may be assumed that the dis- 

x * tribution of H is symmetric with respect 

Fig.14 - The D 8 t-Variations tQ the g80raa gn e tic equator. The distribu- 

(After Vestine) tion of the Z component, on the other hand 


Xw wA,l ' w ' 




Fig.14 - The D 8 t“Variations 
(After Vestine) 


is asymmetric with respect to the equator. 

3. The D ^-variations of observatories lying at the same geomagnetic latitudes, 

on the whole, Resemble one another. Thus, it may be assumed that, in first approx¬ 
imation, the D st field depends on two arguments, the geomagnetic latitude » and T 

the time elapsed from the beginning of thq storm. 

x. A more detailed consideration of Fig.13 shows that the D at -variations of the 
observatories of the western hemisphere differ from those of the eastern hemisphere. 
A difference is also noted between the observatories of the same hemisphere (for 
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0*PP tovn-TooiSgi, eto.). It follow fro* th. oxampl.. 

~Zl.given.that the-fleld-of. D e t.llkewlBe:contains-longitudlnal_terms-whlch,-.at..ono-tiine, 

4 1 wore found in tha S q -variationa (Bibl.9). • ,,______ 

H.--S.TS.rp^^VhT^Sl'ii.ow4.. Of it. H component), notad by .any In- • . 

voatigatora, «aa foond to bo vague on nan;- onrvoa of Fig.13. Th. poa.ibllity io not 

?H axoludad that tb. abaonoa of th. fir.t pbla. 1. oonna.tad with a cartaln inaoauraay - 

n ~ tha determination of tha time of onaot of the atom, nhloh might occur in oaeeo 

. a I >1_J.lft 


"L th. atoma bagin gradually. To r.rl, thi. —I*". I oon.ld.rad tha d.U 
,S - an tha .torn, with .uddan on.at. (8 0 ). Th.D. t -variutlon. obtained by araraglng 

a s .torn, during th. .... interval of La, ar. givan in Fig.U, conatructad from 
’H materials furni.h.d by Ve.tin. (Bibl.62). Bach curv. of Fig.U rapra.ant. th. mean 
■’"q for a.veral ob.anratorlo. located at tha Icrre.ponding latitude. » ccp.rl.on of 
"q F1 g..l 3 and U .how th. graat r.gularlty in th. dl.tribution of th. curva. of Flg.L 
: j th. pre.anoa of a dl.tlnct initial phi., in the. Tha ranaining concluaion. anu 
m arated by «. with r..pact to th. foe 1 diatribution of th. D. t -variatlon. ar. 

i - ! fully confirmed by Fig.14. ' 

i ’ .. I I 

4 .section 2. . ^ w rt c al Analyeie of the D a t |Variatlo na 


• ouu uiuu —r~- - i 

i In all possible type, of calculation .of a tbaoratlcal nature it i. more convan- 

*iant to oparata not with th. cb.arvad ala^ant. of tha .agnatic field H, ■>, Z, but 

• '.:»ith rectangular ccponanta. Tb. geomagnetic ccnpcn.nt. cf tha field of varlatlcn.,, 

x , y, g. ar. connected with th. variation, cf D, H, Z by th. following relation., I 
■ * * ! 

X' = H cos(D, — ♦) — n % sln (°*— ♦)■l" 1 ' D '' 

* y' = //sln (D 0 — (Ji) + //#co* (D» — +) 8,n 

1 j Z' = Z, (2) 

:U.r. D 0 and H 0 ar. th. naan annual valuaj of th... .leant., and Y * the angl. 

1 batwan the geographical naridian of a given place. | 

I ! in 0 ur caae (ab.anc. of substantial and regular fluctuation, in D), the .acond_. 
. term, of .,..(1) and (2) wr. rioted mi it w. .bow that the variation, of !• 

J 

I 
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r ' t -~i; n jfrsaa * i» » 

tlon. of X- .0 obtained proving to be v.r| .Indian to thoe. of the. H | component. ■ >■ 


#* 4* II* 


SO* «* 


.* 4* u* »*' 


• . • • . 


« « 


Fig.15 - Latitudinal Distribution of H and Z Component of tho D 8t -Variation B 
x - Northern hemisphere} o - Southern hemisphere} not taken into account 

in calculating the mean. 


i Figure 15 gives graph, of the depends, of X' and Z on i for a fee etormtHnee. 
The data of the southern and northern hemisphere. are preoented together, allowing 
.for the symmetry of the H component and the asymmetry of the Z component. The D„ t - 
' variations of the Individual observatorle.) (Fig.13) -re first averaged by groups In 
accordens, with the value of * , and the Jean data were then entered In Fig.15. Th. 

' dispersion of the point, on both graph. H relativsly low, and, in particular, there 
.is absolutely no det.ctabl. systematic deference between the data of the northern 

I 

iand southern hemispheres, 

, Since w. abandoned the use of the DJ-variation. calculated from th. observa¬ 
tions for the polar observatories, the cmjve. of X' and Z were extrapolated to th. | 
hleh latitudes, and. In accordance with tlj. consideration, made in Chapter II, It 
was aesumed that, at the pole, X' - 0 and ! Z * X' equiv. The comparatively simple 
for. of the dependence of X' and Z on » allowed us to us. the method of spherical _ 
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analysis for the analytic representation of the field. 

Neglecting the longitude-dependence of D g ^, the potential of the field may he 
represented, for a fixed instant of time t, by a series of Legendre polynomials: 

where, as usual, the terms E n are responsible for that part of the field due to 
sources external to the earth's surface, while the terms I n are responsible for the 
internal part of the field. 

On the earth's surface, r = R, and 


(cos 6), 


where 


g n = E n + , n- (5) 

Hence it follows that the rectangular components of the field in geomagnetic 
coordinates, for r ■ R, will be as follows: 

V — JLV o d/> »< cos •) 

A — R 5b 2d -» (6) 

n 

z '=rr~ 2 /a («»•). (7) 

* n 

where 

Jn = nE n ~(n^\)I n . (8) 

The identity Y 3 0 completely corresponds to the absence of systematic D g t~ 
▼ariations noted by us in the D and Y elements. The calculation of the potential of 
the Dg^ field was performed independently for 56 moderate storms (analysis I) and for 
13 storms with sudden onset (analysis II). The method of calculation in both cases 
was one and the same. To find the coefficients of g n on the basis of the graphs of 
the dependence X' ($ ) (the heavy curve in Fig.15), I calculated the curves F P) ■ 
?X' sin 0 which, in turn, were represented by Fourier series in 0 

( 9 ) 

On the basis of the coefficients 0^ , I used the Sohuster-Schmidt formulas 


sin A6. 


(Bifel.6, 9) for calculating the constants g n , whose values are given in Tables 3 

_ i 

. j 
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and 4. The constants j n (also see Tables 3 and 4) were found by the Schuster form¬ 
ula by direct expansion of Z into a Fourier series in 9 

z=2p* sin/f(J ' 


Table 3 
Analysis I 


X 

gl 

4 

4 

4 

4 


4 h 

24.93 

-1.23 

3.19 

6.70 

-5.11 

0.23 

12 

21.74 

-3.56 

0.79 

1.36 

-6.21 

1.79 

20 

23.14 

-0.61 

-0.14 

0.84 

-4.65 

2.38 

28 

27.80 

-3.16 

0.16 

6.44 

-4.49 

0.63 


The coefficients of the expansion of the potential into series of spherical 
harmonics were repeatedly calculated by the Schuster method (Bibl.6, 9, 15), but 
nevertheless the application of this method requires certain explanations. The 
Schuster method is based on the replacement in the expression 


of the series 


by the series 


"V 1 (g* cos ml -f- A” sin ml) — 

n m 

= ^|cosml^] iW + frtJw ] 

m ' n=m n»m J 

k m («)=y g: p :«/«(•) = v *•/>« 

n 

k m (9) = %V cos 59 ; /* (•) = 2 a * C0S s# 

1 1 

k m (9) = y p, sin 59; /" (9) = s,n ** 
*7*- * 
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and on tho calculation of g and h in terms of a s , a a or 3 s , b s* For m “ 2l> 
Schuster recommends using eq.(l3), and for m - 2t + 1, eq.(12). In these cases, the 
equations connecting g, h, c, « or 3 , b, are rather simple and convenient for cal¬ 
culation. 

Table A 
Analysis II 


T 

61 

eI 

6& 

il 

& 

& 

1 h 

-33.3 

-0.5 A 

1.15 

-0.98 

-6.19 

- 

10 

AA.l 

-2.05 

-0.63 

3.20 

-15.5 

-6.6 

20 

81.8 

-0.90 

-1.55 

-1.20 

-35.80 

6.6 

30 

69.3 

-0.66 

-1.32 

15.8 

-12.8A 

-0.7 

A0 

A7.8 

-0.5A 

-2.01 

10.7 

-11.A1 

2.A6 

60 

32.8 

-1.63 

-1.2 A 

9.36 

- 9.92 

1.10 


However, the representation of the function k m ( 0 ) (m being odd) known in the 
interval from 0 to a, by the series S 3 3 sin sO imposes on it the conditions of 
asymmetry with respect to 0 = a and of its vanishing at the points 0=0 and 0 = a. 
If the empirical function being studied satisfies these conditions, then the appli¬ 
cation of the Schuster method is theoretically irreproachable, and in practice 
assures high accuracy in the computation of the coefficients g, h. If, however, 
km( e) differs substantially from 0 at the poles, then the use of the Schuster method 
distorts the distribution of the function in the polar caps and may introduce sub¬ 
stantial errors. It follows that an application of this method to the calculation 
of the coefficients of an expansion in spherical harmonics of the Z component of the 
earth's permanent magnetic field, of the D st field, or of the noncyclic variations 
(i.e., of functions in the representation of which the terms P x , P 3 , etc., play the 
principal role) is not completely successful, and, in any case, should be accompanied 
by an estimate of the error to be expected. Accordingly, the calculation of the co- 
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tnnb of time (t =■ 12 houra) were calculated both 
efficients 3n in nAI) for ono ns cgroemcnt between 

by the scoter method - - SqU8re ; \ , a „/„ lso . companies, 

the results o t me two methods (di.crepsney o f me o.er • * « 

„ . ,, 0) * ith those calculated by eq.(7) (cr.Table 5) 

or the Initial curv.o of 2(0) «“ ble 5 

.. alou iete 3 by me Sehueter method without great dauge . 
that we could calculate 3„ t h. empirical curve is 

— met the donation or the calculated - ° ‘ ^ ^ ^ _ 

aigniricant only in the polar regions, where, all the 

distribution or the rleld. th . 

!t follows from the ay-etry or 1' and the asymmetry of 
It follows ea.ih) must contain 

equator (0 - « /2> mat, in the expression for the po 

only odd polynomials. analy ,es I and XI (Tables 3, 4)' 

- — 1 —° r the -::r *** —. - - —. 

differ somewhat but are stall in ^ ^ ^ ^ ^ ^ Y _ tho rirst 

- 6M8tMt “ ele, ’ t ’ h T 8 .;: er els of the coefficients in analysis IX 

case and 50-30 Y in the second. The larg 

sibly explained by the fact that a^st all th. sto™s mahxng up the 13 S c 
inuy possibly expiaineu jr sLorns of 

. „ r tup storms among the 5 h scorns 
, it- ed were great stonus, while most of the ston 

stems selected were g efficients gn calculated 

alvsis 1 belong to the category or moderate storms. The co.ffrcxents gy 

d tor D by Chapman and Whitehead (Bibl.40), lie within these 

for L) m by hcNish and for D st . ». e 

101 iy, n j . pvrent for the first 

P pvervwhere positive, except 

same limits (30-50 Y). The sign o 1 of a magnetic storm, rhe sign 

hour in analysis II, corresponding to the first p ase 

ffa Li vp while the values of £5 m 
or the coefficient of the third harmonic gj is neg , 

exude both paeitiue and negation quantities, of the coefficients represen ing 

expansion of X, the greatest is 3,, —g - stsbie -- V • 

Xt wiii be seen from a comparison of tbe coefficients g and 3 at d ff r 
Stants of time that tbe ston, reaches its maxim* decedent at the en o 

first day er the beginning of the second. The caieuiation by eqa.O, -<«, 

-.1 fields of E and I separately gave the re 
coefficients of the internal and external fields 

73 
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suits shown in Table 6. In all cases, except Tor one, the absolute value of the ex¬ 
ternal field is greater than that of the internal field. 


Table 5 

[) 3 ^_Variations of the L Components, in 
t _ i = 20 h 



i = 4 h 

Ubserved 

Calculated 

3 

4 

7 

8 

5 

4 

3 

3 


The ratio i/E (Table 7) is very stable Tor the first harmonic (mean value 0.40± 
+ o.07 and 0.37 ± 0.10). Within wide limits, the ratio fluctuates for the third 
harmonic (- 0.17 * 0.12 and - 0.61 ± 0.18) and is not very regular for the fifth 


Table 6 

jj.'f 

5 


3 


1.8 

6.1 

0.2 

1.4 

0.6 

6.0 

0.2 

0.2 

0.2 

7.4 

0.4 

-0.3 

0.2 

7.1 

0.0 

0.0 


-11.1 

0.7 

- 
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harmonic. The value of for t = 20 hours in absolute magnitude is > 1 and dif¬ 

fers in sign from the corresponding ratio for other instants of time. This increase 
of the scatter of l/E for P-j, and especially for P^, finds its natural explanation 
in the fact that the absolute magnitude of these harmonics is considerably smaller, 
and consequently, the relative errors are larger, than with the first harmonic. 

The systematic change of sign of the ratio is a point of interest 

!:■ > 0 ; < 0 ; £-> 0 , 

'•I '-.i 

and the very good agreement of the results obtained in analyses I and II will be 
noted. Table '/ also gives other data known in the literature on the separation of 
the perturbation field into an external and an internal part, which are likewise in 
good agreement with our results. The mean values of 0.39 and 0.40 obtained by us 
for g-^ D at agree exactly with Lhe radio calculated by hellish for D m . If, further¬ 
more, we bear in mind that for U 3t (according to the data by Chapman and White¬ 

head) varies within the range of 0.34-0.42 and, for Lhe noncyclic variations, is 
equal to O.30 (hcNish) or 0.2.3 (Dolginov), then it may be considered as proved that 
the external part of the first harmonic is equal, on the average, to 0 . 30 - 0.40 of 
the value of the external part. The negative value of 1^/E^ is confirmed by the 
data of HcNish for D , and in part by the data of Chapnan and Whitehead for D f . 
fhe numerical values of l/li will be discussed in greater detail below, in Chapter X, 
devoted to the discussion of Lhe inductive origin of the internal part of the rields 
of variations. 

Section 3. ionospheric System of Currents of the D ^-Variations 

■ - - “3 U- ■■■■■■ 

it was stated above (Chapter II) that two versions of the explanation for the 
external part of Lhe l)g^-variations were proposed: one based on an ionospheric sys¬ 
tem of currents, the other on an extra-ionospheric ring current, ,/e used the data 

t 

of our ana Lysis to calculate both these proposed current systems. 

Assume Lhat the magnetic field whose potential on the earth's surface is repro- 
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seated by the series of spherical functions 

V __ ft ^ 2 (ffJT CO* mX + 8ln P" ’ 

n m 

is caused by a current layer located on a. sphere having a radius of a(a > R). 

Table 7 


/, 


u_ 

X -p- 

Et 

£3 

Ei 


D sl. 

AtutiyM* I 


0,78 

0,33 

—1,60 

0,00 


D st. 

AnMys'i U 


D st Acc.fo (h*pm*n 1 Zu-t 

Ar\d WhiUhwd 3 3/11 

12 10/26 

18 10/28 

24 H/26 

30 9/24 

36 9/23 

42 7/21 

48 7/20 

D- «* *•>■ • g 

, “ h “‘£* "'"i' 9 ® 0.23 

AU .to Mr Ni*H\ 1926 °- 37 

Mot*, nch . No* cyclic V*»;*t;A«* 


-0,5/—0,5 
- 1/1 
- 2/2 
l/l 
0/0 

- 2/-1 

0/1 

1-1 

0/1 

1-1 


- 1/0 

-2,5/-1,5 
-3,0/—1.0 
-I/O 
— 1/0 
0 /—0,5 
- 1/-1 
0/—1 
— 1 / — 1 
—0,5/—0,5 


the Oi.tnibution of the current function in the layer can he calculated by the 
Bidlingmayer formula 

io v v 2n +' f(/?<" cos mi+ x ; sin mX) p " ^r* ■ 

l = ~A^2l 2i n+l V*/ v6n 


In our case 


, 10 V?//?-Wf\ n £ ft -5 

) n ncM * 
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Since the moat probable region of concentration of the currents responsible for 
the magnetic disturbances is the F 2 layer of the ionosphere, we assumed h - 300 km 
and calculated, from the coefficients E r of analysis I, the current density for t 
equal to 4, 12, 20, 28 hours. 

As an example, Fig.16 represents the current systems for t equal to 12 and 28 
hours. Since the potential of the D gt field is represented only by zonal harmonics, 




Fig.16 - Electric Currents of the D 3t -Variations; a Current of 20,000 amp 

Flows Between Two Adjacent Lines 
Positive values of current function; — — — Negative values 

it is natural that the lines of current shown in the diagram should be parallel 
circles. Since only the odd polynomials (Pp P y P $ ) entered the expression for the 
potential, it follows that the configuration and intensity of the currents in the 
northern and southern hemispheres are identical, but that the sign of the current 
function is different. In the northern hemisphere, V > 0 and I < 0 ( the lines of 
current are given by broken lines) while in the southern hemisphere V < 0 and I > 0 
(solid current lines). The Chapman current system (Fig.4a) does not allow for the 
change in sign of the current function on crossing the equator, in view of which 
fact, the current systems in Figs.4s and Fig.16 differ in their outward 
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forms*. 

The lines =1 currents in fig.16 are so drawn that a current of 20,000 amp Hows 
between two adjacent lines. The intensity of the current, in the two system is 
about the same. The total value oT the current flowing from east to west between 
the pole and the equator is equal to 180,000 (for the system constructed by us). The 
current density P - 0.O002 amp/cm. the direction of the current in ,-ig.lO is 

determined according “to the rule that current flow, around clochwise and around 

w counterclockwise. Thus in both hemispheres the current flows westerly during 

the main phase of a storm. 

A comparison of the current system, (Firs.ta and 16) will show the increased 
density of the current lines in the polar regions in the Chap.,an current system, cor-_ 
responding to the intensification postulated by him for the D st field 1» high 

latitudes. This densification of the current lines is absent from the systems con¬ 
structed by us. 0 onv.rs.ly, a certain densification of the lines in the equatorial 
regions can be noted, which expresses the well-known fact that the amplitude 
increases in the low latitudes. The current density varies from P - 0.«®1 
at latitudes T from 50 to 60°, to P - 0.0003 amp/cm near the equator. * comparison 
ef the current calculated for 12 and 23 hours shows that during a storm the config¬ 
uration of the current syst« hardly changes and that only I to Intensity varies. 

Only in the prolongation of the first phase of the stone (’ - 1 h,,ur ln f ' nal,S ” 11 

is the direction of the currents opposite (from west test). <h. systm.s of D. t 
curves in fig.16 correspond to a mean decrease of h in the temperate Intrudes, by 

* • this decrease reaches 1000 Y, so that the intensity 

40-50 Y. During certain storms, tru. 

• ipnl to these stems should increase te 3-4 x 10* amp, and the- 
of the currents equivalent to these storms 

density of the current should be P - O.OOOA amp/cm. 

- _ n Hvan in ultra's monograph (»ibl.50), also shows 

* The figure of the D gt -currents given in r.itr 

„ ' Q d (rn i n different hemispheres. 

that the current function is of opposite sign 
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Section It. 'liie Equatorial Current ltin& 

Leaving the discussion of the Ration » » «- ~ 

3 ultant ays tern Tor later (cf.Chapter V1U), let os nov, turn to a calculation or the. 

equatorial current ring, which presents an alternate explanation lor the ^-varia¬ 
tions „ r the magnetic events. *s is fenerally Known, the potential o f the ..agnat¬ 
ic field of a linear ring current whose center lies on the axis » . 0, ...ay he repre¬ 
sented hy the following series of spherical functions. 


\/ . 2trf 1 — cos b 


, 0 -f(l -cos J 0 0 ) ViP i (cos0)/ 5 ;(cose o )(|-) j- 

n 


„ene i denotes the current strength in the ring, ■ “he the pilar distance, 

and radius of the ring, respectively, while . and 0 are spherical coordinates of the 

point P. If the ring lies in the plane 0 - *» («- H™ “ 


i' 0 = U, and 


V/n- 2 si|H-V;/i,(co S «)P, ( 0 ) (f)"]- 


Confining ourselves to the first tliret 
ical values of P n * (0) in eq.(15), «« have 


3 first three terns of the sum and substituting numer- 


V p - 2i n [l + * - \ (t)' P ' + T(t)‘ Pi I' 


(15 1 ) 


Let us likewise confine ourselves to three 


Lenn 3 in the expression for the ex- 


ternal part of the h s t Potential. K»r the earth's surface (r - . 0 , we have 

v f R\E x P x -\-^i P ^ J r E * p ^ i ' (16) 

Equating the potential V., calculated fn„„ the observations, to the pitential 
of the magnetic field of the ring, an equation will he obtained hy which the para..- 
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1 eters of the ring can be evaluated. Equating eqe.(15') and (16), we have * 

i 

R £,~-2 

R£.-2*'t(4T 

Combining eqe.(17) pairwise, we obtain the following three equations! 


\R) “ 


. »*i. f-y 

2 £, * V? / 


a £j /a\« 15 £, 

4 £j ’ l/?/ ’ 8 £ 5 ’ 


which lead to the numerical values of a/R given in Table 8. As will be seen from 
the Table, the values of a/R fluctuate within relatively narrow limits. The calcu¬ 
lations of a/R on the basis of E3/E5 ln E l /E 5 indioate the systematic increase of 
the radius of the ring during the development of a stem. But the data for %/%, 
which should be most trustworthy of all, do not display this increase. The mean val¬ 
ue a - 3.8R ± O.QR is in good agreement with the views of Chapman, Forbush, and 
Kalinin that have been discussed above. Thus both theoretical arg.m.ents and empir¬ 
ical data from the field of terrestrial magnetism and cosmic rays lead to a magnitude 
of the ring of the orter of 3-5 earth radii. It goes without saying that the ring 
may be considerably larger than this during individual storms, but all the same 
Stoermer's hypothesis of a ring with a radius of several hundred earth-radii must 
be rejected. The current strength in the ring corresponding to the D st -vanotlon 
of 56 moderate storms is equal to 

i = 7 X 10‘A, 

* The te rm~2~rc i in eq.(15-) denotes a part of the ^tential that is 
entire surface of the earth. There is no analogous term in eq.UbJ, 
determines the field potential with accuracy to a constan . 
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and that corresponding to 13 S c storms, equal to i ■ 20 x 10'* amp. This estimate, 
too, is in good agreement with the ideas of Chapman and Ferraro on the current ring 


4 Hours 
12 

Analysis I 20 


1 Hour 
10 


20 

Analysis II 30 


F-rs-8974/V 


3.8 

3.8 

5.9 
5.2 
4.0 

4.6 - 1.0 


Table 8 



% 

Mean 

2.1 

3.3 

2.7 

2.8 

3.6 

3.7 

3.8 

3.9 

3.1 

3.4 ± 0.8 
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CHAPTER IV 

CALCULATION OF ELECTRIC CURRENTS BY THE UitlM) OF uUiiFACE INTEGRALS 

Section 1. destine l.etho d snnArctinA the Observed Field into 

an External and an Internal Part 

Spherical analysis, applied by us in the preceding Chapter to the study of the 
field of the ^-variations, was long the only ,ethod for calculating the Potential 
f„m the ,.agnatic elements observed at a number of points of the earth's surface. 

It has been repeatedly used with great success in the representation of the pen.an- 
ent field and the S q variation, and has allowed the solution of a nun'ber of '.ajor 
problems of the nature and structure of these fields. It has also been used in con¬ 
sidering the secular and annual variations, and, as we have seen above, of certain 

„ . . • a• n D and nch. Uut the use of spherical anal- 

parts of the field of variations: U gt , D )n , ana n 

ysis is limited by the retirement that the field studied must possess spherical sym¬ 
metry and that it can be successfully represented by the first few terms of the 
series. If, however, the field has a rather complex structure and retires a large 
number of terns for its representation, then the labor needed in calculating 
efficients is immeasurably increased, and the series so obtained ceases to be 
venient for various practical or theoretical applications. Accordingly, the spher¬ 
ical analysis of the S 0 -variations, which characterise a complex geographical distal- 
button, would seem a griori to be doomed to fail, and Chapman, Vestine, and other 
authors who have studied V have abstained from any analytic representation of the 
field at all. In 19U, Vestine (Uibl.Wa, b) proposed a new method of mathematical 

rtO 

F-TS-8974/V 


roved for Rel 




6028201 










C06028201 


roved for Rel 




06028201 


analysis which, according to the author's idea, was to replace spherical analysis in 
the case of rather complex fields. This method, based on the representation of the 
potential of the field by the "id of surface integrals, allows a separation of the 
potential into a part of internal origin and one of external origin, from the com¬ 
ponents of the field as observed on the surface of the sphere. Since it imposes no 
restrictions whatever on the configuration of the field, I decided to apply this 
method to the calculation of the potential of the S D -vnriations. For the purpose of 
our work, however, as for many questions of geomagnetism, it is necessary not only 
to separate the field into an external and an internal part, but also to calculate 
the electric currents whose field is e,divalent to the observed field. The calcula¬ 
tions perfumed by us showed that this problem, too, is successfully solved by the 

aid of surface integrals. 

Since the method of surface integrals is here used in geomagnetic practice for 
the firat time*, its mathematical foundations and practical methods will be discussed 
in the present Chapter, while the description of the calculations of the currents of 

the S D -varintiona will be reserved for the next Chapter. 

The theory of the method is very eii.pl.. net the volume v be surrounded by a 
dosed surface S, and let there be, both within nnd without the surface S, sources 
exciting the magnetic field. If U end V are functions with continuous first deriva¬ 
tives in the region » and on the surface 3, and continuous second derivatives in the 
volume v, then Green’s fundamental theorem indicates that 


f ' {UlV—V*U)dv—j'[u£-Vjg)dt. 


i, ln fe.tg . note (Uibl.5710) the calculation of the potential of the geomagnetic 
field at one instant of Lieu, is given as an example, and the work by Vestine and 
bevies (uibl.bl) on the interpretation of magnetic anomalies contains several form¬ 
ulas based on the solution of two-dimensional problems by the aid of surface integrals 

Mss-am/v 83 


roved for Rel 




6028201 









C06028201 


roved for Rel 


WBvmmar 


06028201 


where n denotes the direction of the external normal. Let us assume that U - l/r ^ 

*' 1 ( r - distance from a fixed point P outside S to the variable point M, in v or on S) - 

, ! I 

and (2) 

v-v.+ v,, 

J 

.where V is the potential of the field of’the sources external with respect to S, and 


is the potential of the field of sources 


internal with respect to S; we then have 


f(L AV - V* 7) dv = j* (7 ~ V-fr) ds - 


For any point of the volume v 


ii = 0, LV =0 *n«lA£/. = — 
r * 

(pi = density of the internal magnetic masses). Consequently, the left side of 


eq.(l') gives 


f —■ ^Vdv = — ^f-~dv -=-4*l/,; 

*' a 


and the 


potential at th. external point P„ of the field of internal sourcea yields 


_L /’(iit-vtrW 

4 k ,J \ r dn dn 


By similar reasoning we get the result that the potential at the internal point 
p.^ of the field of external sources reads as follows: 

. r.L., d-l\. 


/ f l( dv - t'— 

1 -In ./ r \dn dn 


Let the points P g and P ± be located on the external and internal normals to S 

passing through the point of the surface P, where both p e - p and P i 

Then, taking -L J -L ™ ds as the potential of a single layer of the density 
4n r •on 
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' - o ^/L — and — / V— ds as the potential of a double layer of the den-- 
w “ “ x ' 4 Bn ' 4n Bn ‘ . 

sity p - J_ V, and allowing for the known properties of the potentials of single and' 
4ft _ 

double layers, we get the result that . 

I — i/ x £-H-±/4*+T^ (5) - 

; v,\„_ — J*7*-y “ 

; (6) 
where P + and P_ denotes that the approach to the point was from the side of the ex- _ 
ternal and internal normals. Hence, 




Knowing the distribution of the surface S of the total potential V and its nor¬ 
mal derivative BV/B n, V 0 - V ± may be calculated for any point of the surface; then, 
by combining eqs.(2) and (7), the value of V e and V ± can be separately determined. 

It must be noted, however, that the potential V Q of any uniform double layer of 
a density of p 0 , located on the closed surface S, equals zero outside the surface 
and -4 0 inside it. For this reason, if, to the postulated double layer with a _ 

density of l/4 r V, we add a layer of uniform density p Q = -V Q /4n , then.eq.(3) will 
remain without change, while eq.(4) will take the form 
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whence I 


'.l/>_ = Sf j [tst -1 


<u+*A-+ v * 


Instead of eq.(5) we will now have 


v,\p + —*'+^A 


and, consequently, 


K- v i=k .f\^ri£- (V ~ Vi) ^ ds + v °- (id 

It follows from eqs.(9) - (11) that, if the potential V on the surface 3 is 
known only with an accuracy to an additive constant, then the values of V g - V.^ and 
V g may be found only with an accuracy to a constant, while the values of will be 
calculated exactly. Besides the above general formulas, Vestine also gave formulas . 
applicable to cases when the surface 3 ia a sphere or a plane. Iri spherical coordin¬ 
ates with the pole coinciding with the point P (cf.Pig.17a), the distance between Lhe 
points P and M (rO<p ) is equal to 

r=2/?sin^- = 2/?sln<|i, = 


r I «ln+_ 1 

dn ~ r» cos< * V* ‘ 4/?*»ln + ' 


Denoting Bv/^n by Z, let us now transform eq.(7) into 

ft 

j 2« 2 

v,^- V, = & If ( V -\- 2 RZ) cos + dty dy 


2k 2 

v t —v,=%-J* f (v — Vo + 2 R Z ) cos + 
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if the value of V on the sphere is knov/n only with an accuracy to the constant V . 

I 

It was eq.(12) that I used to separate the potential of the S^-variations into 
an external and an internal part. 




Fig.17 


The solution of the two-dimensional problem leads to still simpler formulas. 

In cylindrical cooi'dinates r, m , z, whose origin is place at the point P, PH = r, and 


OO Ik , 


/* /»" ' | \ OO 2« 

f [r Z - V -^j rdrd 'f-^J f Zdrd % (14) 

i.e., to find the difference of the external ami internal potentials, it is suffic¬ 
ient to know the values on the plane of the Z-component of the field. 

dection 2. Practical Methods of Calculating the External and Internal Potentials 
The fundamental difficulty in performing practical calculations of the differ¬ 
ence V e - by eq.(13) is that it is given in coordinates connected with the posi¬ 
tion of the point P, for which we seek the value of V g - V^. The transformation of 
the equation to any fixed coordinate at all (for instance, geographic or geomagnetic) 

i 

by means of the usual formulas for the transformation of coordinates, leads to a 
complex expression inconvenient for mass calculations. In view of this fact I adop¬ 
ted the following technique: 

If we denote by 7 and Z the mean values of V and Z on the circle of latitude 
\|i = const, then eq,(12) is transformed into 
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- v -f 


(2 RZ -f- V) cos ^ rf<j». 


i In order to calculate the integral of eq.(15), we must find, for each point P 
' on the surface of the sphere, the mean values Z and V along the circles of latitude 

1 (P being taken as the pole of the coordinate system). For this purpose, the formu- 1 

las of transition from one system of spherical coordinates (fixed polo) to another 

(with the pole at P) were used for preparing overlays 
on which the lines V “ const were plotted. The fonnu-' 
Y \ las for calculating the overlays were obtained from .. 

V \ the solution of the spherical triangles NDQ and PDQ 

I l 

hy-.. V/^ / (Fig.18). The figure uses the following notation: 

' N, pole of the fixed system of coordinates. In this 

system, P( 9 0 > A o)* 1° coordinates with the pole P, 

Fig.18 

the point Q is determined by the polar distance 0 and 


the longitude X . On dropping from Q a perpendicular to the prolongation of the arc 
NP and denoting the arc ND by k, we have 

tg* = tg9cos(A- A 0 ), (l6 ) 

fgX = - ,g i ? ~ 

B slnPZJ ’ 

tg QD = sin k tg(A — A 0 ), 


whence 


lg(A —Ao) 
sin (k — B 0 ) 


From L PQD it follows that 


ctg 9 = ctg (k — 9<>) cos X. 


By combining eqs.(17) and (18), v/e get 


, _ co8 z (*—e 0 ) _ 

tg 2 (A — A 0 ) sin 2 *-|-sln* (* — «o) ’ (19) 

Equations (17) and (19) give an expression for the coordinates of an arbitrary 
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point Q in the .ynt« with the pole P, In teme of the coordinetee of the pointe P 
and a in the eyetem with the pole N. fly eq.(M) »» c.l.uUtod the curve. of » - 0/2 
_ const for various valueo of 0 Q , fl ndA 0 and plotted them on ttie coordinate net 

----* '■ ' it _ 



Fig.19 - The Overlay 

0, A . By the aid of the overlays so obtained, the process of calculating V g and 

Vi at the point P(0 OJ A o ) reduces to the following: 

1. From the components observed on the earth's surface, we must calculate (for 
instance, by integration of the X component) the potential V for a number of points 

covering the entire earth with a uniform net. 

2. Plot the value of the potential and the Z component on the coordinate net 

0 ,X . For brevity we will, in the following, call a coordinate net with plotted 
values of any element a cartogram. 

3. Placing on the canto.-rams of Z and V the overlay traced on transparent paper 
on the same scale and calculated for e o ,A 0 , take off the values of V and Z along 
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each line of >)', equal to V2j etc. and average tli03e values of V and Z. 

4. Calculate for each value of vji the binomial (2RZ + V), and, by means of 

Table 9 

n 1 4 a a VariiJioni, 2 * iompon«Ql 



-3 -1 

4 1 


* 1 f ^ 10 U. 14 

Local Ufom.unftn Time 


OS- W13 « 

± Si , 

»? ,4* 


erical or graphical integration, obtain the difference V c - \l i from eq.(i;>). 

5. Knowing V p = V Q + \l ± and V g - find V 0 and V.. separately. As an example, 
Fig.19 and Tables 9 and 10 give cartograms of the Z and V or the S D -varialions and 
an overlay for P((jy) with 0 q = 20°. The geomagnetic coordinates have been taken 
as the fixed cjonijnate system; the overlay and car to grain are given in cylindrical 
projection, while the iaolines of ip are drawn at intervals of 5°. For one and the 
same values of 0 ij) but different values of A q, one ovorloy can be used, by shift¬ 
ing it in proper manner on the cartogram. With proliminarly prepared cartograms and 
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_ where v denotes the density of the double layer located on the sphere] are values 
„ -9?. the potential assigned for the surface, of ..the sphere. (A ■_ 0 inside the sphere): 
„ ^he values of r and a are the same as in Section 1. Unfortunately, ths condi- 

i. 

_ tion 8 of our problem do not lead directly to this easily studied equation. The spec- 
peculiarity of our problem resides ir the fact that we kqow the function V 0 on J 
_ the surface of a sphere of the radius R (on the earth's surface), satisfying the 
Laplace equation inside the sphere S^, wh^le we desire to obtain distributions of 
Jthe current function on the surface S of q sphere of a radius a, if a > R(cf.Fig.17b). 
Since the magnetic potential of a current jlayer with a current density of v is equiv- 

i i ! 

j I I 

1 alent to the potential of an inhomogeneous magnetic layer of a density of v, it fol-| 

_! J ! 

._] lows that we can replace derivation of the current function by derivation of the 

-! I 1 

density of the double layer. 

, Let M( 0, <p) be a variable point of the sphere Sj and let Mi( 0 i, T ) on and 
.P( 00 p o r Q ) be a certain point inside the sphere S-^ or on its surface. Then, 


V »=J -sr*. 


where r = PH. Since the values on the surface are assigned, it follows that the 
expression Vp for n^ < R may be found by the aid of the Poisson integral 


V P~ 4 nR J ,3 dS ' 


where r-^ => PM^. By equating the right sides of eqs.(21) and (22), we get the Fred¬ 
holm integral equation of the first kind: 


for r- 


4 nR r 3 J dn 

V M,~f 
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It ie generally known that the solution of Fredholm equations of the first kind! 

| | 

in the general form is very complex and requires the core of. the equation and the 

i j 

free term to satisfy certain conditions. (This compels us to dispense with its solu- 1 

•! - • 
tion. In order to reduce the determination of the density to the solution of eq.(20), 


the function V 0 , which is harmonic withinjthe sphere, must be extrapolated, by some 
method, to the external space. But this is extremely difficult, since V 0 in the ex-; 

I 

tomal space is an irregular function. I therefore decided to take another path. 
Namely, knowing the function V at any point within the sphere S^, the fictitious 

B ; t 

density v is calculated for certain surfaces p 1 R, and then the values of v are 
extrapolated to p = a. This procedure is llegitimate in principle, since v is a func- 

i 

tion regular throughout the entire space. In order to show that this method assures 
the accuracy necessary for many geophysical problems, we present two examples. 

I. Let, on the sphere R, the potential of the external sources be assigned a3 


V — RgP ' 2 (cos 8) cos 9 j . 


Everywhere, for p£R, we have A V = 6, and therefore V may be analytically con¬ 


tinued on any p < R. For 


P = /?, V = gRP\ cos 9 (j*']', 

p -•/?, v= g rp\ cm 9 . 

P = R, V=gRP ' 3 cos 9$)*. 


Assume that we are on the sphere R^. 

Then: 1) we know the field of V on the sphere R^j 2) we know that it is of ex¬ 
ternal origin; and 3) we do not know at v/hat P (p > R^) its sources are located. It 
may therefore be assumed that the field is located on the sphere R2, Rp R, etc, so 
that the current density can be calculated by the usual formulas. If the potential 
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on the sphere Rj is represented by the function 


v-r^p: 


cos m<f 
sin m<? 


then the current density on the surface of P (P > R 3 ) will be 

•_J0*1 a« + i (J_y pm co * m< P v* . 

4 n n -f- 1 \/? 3 / " sin m<f " 

2 

In our case 2 l l t 1 = and Ro Y = gR(Rn) > whence 
n + 1 3 J -ft 

i = -"«£ / "* C0S *- 

Denoting - cos <p g by B, we have 


for P 

= r 2 

i = B j 

R 

at R 2 = 

0.96R 

i = 0.92Bj 

for p 

= R x 

i = B R i ; 

at R-^ = 

-.98R 

i - 0.96B; 



R 




for p 

= R 

i = BRj 

at R = 

1.00R 

i = 1.00B. 


But in reality the current flows along the sphere P > R, where we do not know 
the value of V„. Let us find i for P > R by simple graphic extrapolation (Fig.20). 
Then, for a = 1.02R, we have i - 1.04B. Check: from the value of V on the sphere R 

we have, for a = 1.02R: 


l^-£p\cos' f (\,02y-^\,04B. 


II. On a sphere of a radius of R, the potential 

V=RgP\ o c °i<p» 


is known. 
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On the sphere 


p = ^, V=gRP \. 

P = /?, V = gRP\ 9 co*i(%)" , 

P ==/?, v-f/wV 08 *® 1 ' 




»i 'B 


-Sj5 SS ^ y ** 


*-(*y '- B( * r 

Fig. 20 - Calculation of Currant Density by Extrapolation 
(. Calculated Values; x. Extrapolated Values) 


Starting out from 


the values of V on the sphere R 3 , we have 
l = - ^ IT (0° P \o cos W ( *)* = B £ • 


where 13 = - g 2 - g ^10 cos * * 


Extrapolating on the graph of Fig.20 for a 
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For p = 0.98R i = 0.82B, 

For p = 1.00R i = 1- 00D * 

u pi< 7.20 for a = 1.02R will give i = 1.2013. Acconi T 
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ing to the formulas of spherical analysis, i - 1.22B, i.o., the error is 2f>. 

Section 4. Finding the Current Density f rom an Assigned Potential on the Spher e,. . 

Extrapolation of the Potential 

After having .thus reduced the solution of our problem to the classical problem _ 
of finding the density of a double spherical sheet from values of the potential as¬ 
signed on the sphere, we must select a practically convenient method of solving 
eq.(20). Equation (20) is a special case of the equation 

. _ 25) 

for A = + 1 . 

The usual method of solving an integral equation of the second kind by the aid 
of resolvents is inapplicable in this case, since the series expressing the resolvent 
becomes divergent at \ = + 1. Two methods of solving eq.(2 5 ) are known in the liter¬ 
ature. The first was given by Neumann in 1875, and the second by Bogolyubov and 
Krylov in 1926. Neumann's method (Bibl.14) reduces to the following. Since 


P VpCOSa 


V P -= / — v P ) ^pr ds + 


This transfonnation is necessary in 


f CO» a 

order to replace the integral J ^ 


ingularity at the point K, coinciding with P, by a convergent integral 


which has a s 


that has no singularities as K - P. 
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The equation 




is solved by the aid of the series 


V P “ 5T Wop + W i P + VUw + • • • + X " U nP 1' ( 27 ) 

which is convergent for X = + 1. 

The functions U n are determined successively through the recurrence formulas: 

Uop- V p I 


U iP = f(U 0P -U 0M ) c -^ds 
S 

n ,, v COS a 

U„l> J (^n — 1. P Un-\,M^ r * * 


This method is convenient since 


the value of the n th term depends on the first 


(„ - 1) terns and does not depend on the (n + l) th and subsequent terns. Thus, in 
onler to pas, from the n«> applications to the (n ♦ l) th approbation, it is nec- 
essary to add, to the sun, of n terns, an (n ♦ l) th ten. without chan £ in £ the first 


n terms. 


On tran 


sfoming eq.(23) into a foro convenient for our calculations, we have 


U, p J_ f (V p ~- V M ) h*sln'J dD di - (29) 

■* r s 

Denoting the angle l.etween tire radius vector of the points M and P by 6 , v/e 


r — 2/? sin j i a=z 2 2 ’ 

+ sin 0 sin 0 O cos (X - X Q ), if the coordinates of P are 


where cos 6 = cos 0 cos 0 q 


n <j> Xu anc * k* 16 coordinates of K are fi , X 
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Whence 


2« n 

u p^\kf f {Vp ~ Vm) cosec t sin6 


We remark that, for !•! "* P, cosoc 6 /2 - od , but 3ince V {) - Vjj • 0, it is easy 
to show that (Vp - V^) cosec remains finite. 

If, in calculating U^, we take for each point P its own system if coordinates 


with the pole P, then F> = f) and 


«n n 

a,p>sr/ JV„- v„)co 


-.(3D 


Introducing 0 /2 = \|< and V n = V. = 0 / (V - V,,) d.\ ( the moan value of -V M 

r M P ri 1 W 

o 

from the parallel circle), v/e have 


and in general 


U \p ■* T / ( V p - Vj cos <|» (/<]• 


,= 2 / -I, p-^n-1. Af) C «+ <*!'=- 


= 2 £/ _ 1 

2 n -I. /» 2 


/ C0S Hf 


Thus in zero approximation, the function of current density is v = - l/hn. V 


and, in first approximation, 


r. 

a 

__L Ik _ 1 f 

4* L2 V P 2 J 


V p cos tj> d <|> 


These formulas very clearly show that, in Kero approximation, the current den¬ 
sity is equal to the potential with an accuracy to a constant coefficient. Therefore 
for a rough estimate of the configuration of a current systom, it is sufficient to 
construct the isolines of potential. In first approximation, ns will be clear from 
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eq.(34), tlie value of the current density is determined by the inequality: 


4 n V P < I v p I < 4« 2 ^ 


Equation (34), serving to calculate the current density, allows us again to use 
the overlays described in the preceding paragraph. 

j 

Let us now turn to the question of extrapolating the values of V e forp < R. 

1 

•Since we obtain \f Q on the earth's surface not in an analytical but in a numerical 
form, the most convenient method of extrapolating V e within the sphere is the Pois¬ 
son into Tcil. If the variable point of the surface of the sphere is K(R, 9 , tp) and 
the internal point .at which we desire to calculate the potential is P( P , ® q, q). 


= /?»-,» r ds 

U P AnR J U M r a> 


where Uj.j denotes the surface value of the j>olenlial. For convenience in jir. ctj.cal 
computation, we will perform cert. - m transform: tions. 


Since 


r* = R* -{- p 3 — 2 Ro cos 8 , 


where is the angle between OK and OP, then 


U R (/?2 ~ j J Um s,n6d9l/ f 


(Ri + p t-2Rp cos if'-' 


If we again place the pole of the coordinate system at P, then 

-^ L /a-g(X.) 

o \ R‘ R / o 0 

1 2a 

where U = — U, dqi denotes the n.e; u value of U,. for Lhe circle of latitude 

Oil ' h 
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Thus the extrapolation of V Q to any apherical ourface p < R may be performed by 
means of the same overlays that were used in calculating the difference V - V.,. 

Section 5. Practical Methods. Conclusions as bo the Suitability of the Method 

In accordance with the above, the calculation of the external electric currents 
from geomagnetic elements known at the earth's surface reduces to the following 
steps: 

1) Calculation of the potential V Q at the earth's surface; 

2) Calculation of the potential V Q on spheres of radii P and P 

3) Calculation of the current densiLy v for three spheres of radii Pp p 2 and 
Rj 

4) Calculation of the current density for a sphere of radius a(a - R is the 
height of the currents above the earth's surface) by means of graphic 
extrapolation of v p2 , Vp p and v 

We succeeded in turning all three laborious operations (calculation of 

21 • ii 

? _ _ a 2 _ 

J (2RZ + V) cos v|< d \|i , / U( 0 )K( 0 )d0 and J U , cos « da ) into operations of a 

o oo n-l 

single type which could easily be performed by the aid of overlays. The total volume 
of computation work in this case is comparable with the work for spherical analysis. 

In this way, we calculated the electric currents responsible for the ^-varia¬ 
tions. The experience in actual calculations showed the method to be completely 
applicable to the study of magnetic fields with a complex geographic distribution. 

These equations permit calculating the electric currents responsible for the 
external part of the potential. Formulas interpreting the internal part of the po¬ 
tential may be obtained by an entirely analogous method. The basic method in this 
case will be the solution of the external problem of Uirichlet by means of the 
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Fredholm equobion 


/ •iu co» a 


V in this equation denotes the value., knoun on the surface of the sphere, of the 
potential satisfying the Laplace equation outside the ophere. It must he taken into 
account here that the corresponding homogeneous equation 

„ Tv co» a . 

2 * V = J —pr~ ds (4 i) 

a 

has a solution other than zen, (v = const) in view of which certain complications 
arise in the solution of the external problem of Dirichlet. In courses on mathemat¬ 
ical physics, however, it is shown that this problem can be solved for any distribu¬ 
tion of V p . It is true, of course, that the values of v will be found with an accu¬ 
racy to a constant. Thus, in both cases (finding the external currents responsible 
for V and the internal currents responsible for V.), the problems are not solved 
with complete accuracy. In the funner case, V e is detennined from the observed dis¬ 
tribution of the geomagnetic components with an accuracy to a constant, while in the 
latter case the current density v. is found from the calculated distribution V ± with 
an accuracy to a constant. But these limitations are negligible in considering the 
variations with time or space of the geomagnetic field. In studying the variable 
magnetic field or magnetic anomalies, we may reconcile ourselves to the fact that no 
uniform system of currents related to the permanent part of the potential i s being 
calculated. 

■fhe extrapolation of the values of V.^ known on the surface of the sphere K to 
external space may likewise be accomplished by means of the Poisson integral which, 
in this case, will be of the form 


n P”-* 1 f Ul f/f 

U P. — 4kR J r' 3 US ' 
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where P * is the radius vector of the point F e , and r* is the distance between the 
point P e iand a variable point on the sphere. Thus the practical methods of calculat¬ 
ing the internal currents may likewise by of entirely of the same type. 

A consideration of the question or accuracy (for more details, cf..lection 3, 
Chapter V), has shown that the error of any operation of computation may be made as 
small as desired, and thus the accuracy of Lhe results obtained is completely de¬ 
termined by the accuracy and completeness of the initial empirical, data. Kxactiy as 
with spherical analysis, the integral method requires a knowledge of the geomagnetic 
components over the entire surface of Lhe sphere, if the data d.. i»t over Lhe en¬ 
tire earth and are absent over large areas, then the foniisL calculation ot the l 1 °Leri- 
tials and the calculations of the currents stiiL remains nossibLe, but the values so 
obtained will represent the phenomenon well for rej imj ,,ith abundant data -ml, |*js- 
sibly, represent it |.oorly for regions for which there are no lita. A shortcoming 
of Lhe method is ..he Tact that it does not yield a comp, ct analytic expression for 
the potential and for the current function: the finaL results are onLuned in impli- 
ical or tubuLar rorm. nevertheless, Lhe fundamental problems (sop ration jC the 
parts of externa] and interuai origin from the observed field and calculation of Ll.e 
sources of the field, whether eLectric currents or magnetic masses) are solved by 
means of surface integrals. lhe method described above is therefor- ompJoteL.y capa¬ 
ble of replacing spherical ana Lyses in eajes »1 complex field.,, in tb . c insidei a Lion 
of a number of problems of , eomagnetism, and lossibly of other branebe.-. geophysics 
as well. For example it would .eem aivisable Lu use Lhis method in -.tu-lying magnet. c 
disturbance., the secular march representing a rather 1‘C'l phenomenon, a field of 
ma/netic anoi.iaii'.'i, etc. 

A certain limitation of the metnod must also be |winted out. Hie exLra|«lation 
of the current density v , ives an accuracy which is sufficient lor practical puipo.es 
if the current-carrying Layer is not 1.00 far from the surface »n which Lhe disl.ribu 
Lion of /xitentia 1 is known. In the opposite case, however, an extra|«lation may 
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lead to treat errors. Thus, in Lhe second exrunple of lection '} of the present Chap¬ 
ter, the extrapolation of v to a sphere with a radius of 1.20d gives an error of Lire 
order of 10/. if the sources of the magnetic field, however, »ro far enough from the 
surface .it which the observations ..re made, then the field will not be characterized 
by great complexity of t oo, r<.|>liic distribution, and, consequently there till be noth¬ 
ing l.o prevent Die use of spherical ana Lysis for studying the field, out in all 
cases of complex ieuphysic.il. . iei.ls (magnetic anomalies, .sunetiu storms, and a num¬ 
ber of others), which do no I l low file use if spheric. - . I analysis, it may be assumed 

i 

Liiat lhe sources of Lhe field are Located not more Llia.i u.lK - u.2h away from Lire 
earth's surface, ..l which LI re extrafviiation required by Lhe method of surface integ¬ 
rals is entirely allowable. 
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CHAPTER V 


The Sp-Variations 


Section 1. Basic Data 

As stated above la Chapter II, the second portion of the field of magnetic 
stoma, the distorted diurnal variations 3 D , is rather well represented by the dif- 
Terence between the diurnal march on disturbed days (S d ) and on quiet days ( q ) 

The differences S D - S„ -S q , averaged over the year, were calculated for the 61 sta¬ 
tions enumerated in Table 1. Since the s D -variatio„s vary markedly with the 11-year 
cycle of solar activity (Chapter VII), the observations for the Second International 
polar Year (II MPG) were used as in the study of D gt , in order to assure uniformity 
of the starting data for most of the observatories. The list of quiet and disturbed 
days for those years, established by the International Association for Terrestrial 
Magnetism and Electricity on the basis of the magnetic characteristics of a worldwide 
net of observatories, is liven in another paper (jlbl.AG). fire characteristics 
magnetic activity on these days show that the disturbed days were days of moderate 
and great magnetic disturbances, while the quiet days were completely quiet. Thus 
the difference S d - S q can be completely characterised by the additional diurnal 
fluctuations which, on sto»y days, are superimposed on the nornal S q variations. 

Pnom seven observatories which are of great interest because of their geographic lo¬ 
cation, we did not have the data for the Second International Polar Year at our die- ■ 
position. In view of this, we used the 19V. observation, for three of the,,. (Yakutsk,. 
Tbilisi, and Tashkent). A comparison of the S D -variationo for 19V. and 1933 for a 
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number of observatories showed that both form and amplitude of the S D in these years 
closely resembled each other. The data of four observatories (Chelyuskin, Uelen, 
Kakioka, and Apia) relate to 1935, but to "reduce" them to the Second International 
Polar Year, the amplitudes of S D were decreased in accordance with the change in the 
S D -variations tram 1933 to 1935 at the other observatories. To reduce the first two 
of these four stations, we used the series of observations at Tikhaya Bay and Dick¬ 
son Island, and to reduce the last two we used Watheroo. 

It is well known that the field of S D displays more symmetry with respect to 
the geomagnetic coordinates than to the geographic. In view of this, we calculated 
the geomagnetic component X', Y', Z for each observatory from the observations of 
the variations of H, Z, and D. A summary of these components is given in Fig.l for 
the U th observatory listed in Table 1. The time on the diagram is local geomagnet¬ 
ic time. The local geomagnetic time t M was derived in 1936 by McNish (Bibl.9) by 
analogy to local mean solar tune. Without allowing for small seasonal fluctuations. 


it is assumed that 


t M =r+A-69°; 


T - 69° denotes the time of the zero geomagnetic meridian. In the middle latitudes, 
A _ 69° differs little from the geographic longitude of the locality X , and there¬ 
fore the difference between the local geomagnetic and geographic times is slight. 

Before proceeding to calculating the potential of Lhe field of S D -vanations and 
the construction of the current systems corresponding to it, it seems advisable to 
make a qualitative examination of the collected material with the object of elucidat¬ 
ing certain questions of the morphology of the field. The most substantial of these 
questions are as follows: l) dependence of S D on local and universal time; 2) geo¬ 
graphic distribution of Sy and selection of a system of coordinates convenient for 
the execution of the computational work; 3) choice of a working hypothesis as to the 
sources of the Sq- variations. 

Section 2 of the present Chapter is devoted to the first two of these questions. 
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Section 3 is devoted to the third question, while an exposition of the resuLts of the 
calculation of the potential and electric currents of Sq i3 given in the next four 


Sections. 
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Section 2. Dependence of the Sn-Variations o n Local and Universal Time. 

The Sir-Variations in the Polar Regions 

The graph in fig.21 discloses the rather evident dependence of S D on t H and <t> 

It still seems necessary to verify whether the position of the principal (or, per¬ 
haps, of the secondary) extreme values is tied to Universal rime, since the question 
of the influence of Universal lime on the diurnal variations has been repeatedly 
raised in the literature. K.K.Fedchenko, studying the diurnal variations of declin¬ 
ation (for all days) has shown that the location of the diurnal maximum of D in the 
high latitudes is governed by Universal Time. A.P.Nikol 1 skiy (Bibl.26) makes analo¬ 
gous assertions with respect to the maximum of disturbance. According to him, there 
are two independent maxima in the diurnal march of the disturbance, one of which oc¬ 
curs in the evening hours of local time, and the other toward 17 h of Universal Time 
(noon at the magnetic axis pole). Uince the correlation between the S D ~variations _ 
and tlie diurnal march of disturbance (S & ) is a priori very probable, and since in 
addition, in the high latitudes the S D -variations are very close to the diurnal march 
for all dAys, these assertions force us to admit the possibility of the existence of 
two waves in the SQ-variations a 3 well, l’he times of the principal and secondary 
maxima and minima of the Z component of the observatories of the northern hemisphere 
are noted on the diagram in Fig.22. figure 22 shows the rather regular distribution 
of the extreme values as a function o'f the local geomagnetic time, while their dis- 
tribution by Universal Time is completely random. The presence of two maxima in the 
SD-variations is also found in the polar zone (+ = 63 - 67°), over which, according 
to present ideas, the electric currents causing the strong disturbance of the high 
latitude must flow. For other latitudes, both at the center of the polar cap and in- 
the middle latitude belt, the existence of two maxima is not characteristic. Ihus 
Figs.21 and 22 compel us to consider that the S^varia tions over the entire earth are 
governed primarily by local time. Hie Universal Time either has no influence at all 
on the distribution of or exerts such an insignificant influence that it cannot 
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be detected without a special workup. 

The existence of S D -variations at the magnetic axis pole appears to be somewhat 
in contradiction with this conclusion. At the magnetic axis pole, the concept of 
local geomagnetic time loses its ordinary meaning (just as the concept of local time 
at the geographic .pole has a special meaning, since the altitude of the sun does not 
vary in the course of the day). It would seem that, if a diurnal periodicity exists 
at all at this boreal polo, it would have to be due only to Universal Time. In fact, 
ne neai the pole (cf. the data of the Thule Observatory) the S D -variations 
components are rather distinct, and only the variations of the Z com- 
P° e equal to zero. But this contradiction is merely an upfront one. It is 

show that the existence of diurnal variations of the horizontal component 
pole (0 = 0) may be explained even without assuming the dependence of the 
niversal Time. Indeed, the potential V of the diurnal variations iri the 
general case may be represented as a sum of Tesaeral harmonics*: 


From the definition 


it follows that, for 0 = 0, 


nm / h . COS mt 
P " (C0S> - m *°- 


P” (cos 8) — sln-6 

d (cos 8) m 


P n = 0 and V (0) — () (, w > o) 


'"4-OT -T [-cln"-'Ocos8-0; j - + si „™ i-. 0 "*'•] “ s "" 

d (cos B) m 'H J sin nit ' 

Y __L. d Y __ m . m -i fl sin mt 

rsinO 57—^ 7 sln -bl 

d(cos6) m cos mt 


A 1/ d m P 

Z=~ -- sin m {f- ” 

° r d (cos (l) m ’ 


* This reasoning is equally correct for geographic and g e < 


geomagnetic coordinates. 
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then Z(O) ® 0 for m «* 1, but X(0) ^ 0 and Y(0) 0, i.e., Y and X depend on sin t 

and coo t, and the vector diagram in the horizontal plane of diurnal variations must 


VrF-~ 


CMT -M 


i W. , 3 J, : ! s :f!j 

*» : ! i : ' h.. : i *:r . ; 


Fig.22 - Distribution of tho lixtremos of the (7. component of the S^-Variations 
by Hours of the Day. O Time of Occurrence of Minimum; 

• time of Occurrence of Maximum 

have a circular form at the pole. The actual data on Sq at the poles are in complete 
agreement with these arguments. As a matter of fact, Z is very small at Thule, 
while the vector diagram of in the XY plane for Thule, as for Cape Evans (an ob¬ 
servatory near the south geomagnetic pole, cf. Dibl.AO), is of circular form. 

Here it is found that the vector of the horizontal component of Sq rotates with 
the variation of the azimuth of the sun (at the pole, the latitude of the sun does 
not vary throughout the course of the day, while its azimuth does vary). Thus, if 
viewed from the sun, the distribution of the vectors of the field of Sq remains con¬ 
stant, ns is also the case for the 3 tl -varia Lions. 

Returning to a consideration of the graphs in Fig.21, we note that the depend¬ 
ence of Sq on '!> in its general features may be described in the following way: The 
auroral zone (<|> = 65 - 69°) is characterized by small amplitudes of X' and by an un¬ 
stable two-wave form of Z. This is in agreement with the hypothesis that a linear 
current flows along the zone at the height of the ionosphere (or that the lines of 
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current of the eurfoce current eyeten, ere more closely spaced). North of the tone, 

Z has the fora of a single wa,e with n n,iniruum at noon, the greatest n.iitude being 


t ' 







V'\ N 

-X v 

* V* 








1 * 0 * 

Ki e .23 - The Auroral tone and the Une or CenLoro of the hiddle-Lnti tude Eddies 

of Sg-Variations (- Kisition of tone According to Vestine. 

Coordinate Hetu: _ Ceomagnetic; - (ieogrnphic) 

reached at latitudee 75°, north of which the amplitude again decreaeoa. North of the 
rone, X' decreaeee in amplitude up to * - 75° where the phoon is reversed. oouth of 
the rone, t retains its fora down to the very equator and only gradually decreases In 
amplitude, while X' decreases sharply in amplitude, resulting in still another .. 

reversal fit Intitude t|U to jU . 

However, there are a nu.br of cones (An 0 m.ssi.lik, Chelyuskin, Codonkylo, etc.) 
which indicate a longitudinal asymmetry in the incidence or the venations. Vestine 
has pointed out that the asymmetry is considerably decreased it, instead of I as 
argument in the geographical distribution of S D we Lake n, which is the disLatice to 
the zone of the hypothetical linear current, lie determined the position of thu zon 
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from the data of the magnetic variations and compared it with the maximum isochasm 
(the Vestine zone is shown by the broken line in Fig.23). 

The data collected by us for the Second International Polar Year have allowed 
the position of the zone to be pin-pointed (the solid line in Pig.23), bringing it 
somev/hat further south on the territory of the USSR. To determine the position of 
this zone, maps oT the inoamplitude of Sp X' were prepared, and Llie zone indicated 
in Pig.23 is the isoline of maximum amplitude of 3^ X'. The second Line in the dia¬ 
gram, lying between AO and 50°, indicates the latitude at which the S^-variations of 
X 1 cfiange their phase*. 

In columns 3 and 9 of Table 1 for each observatory, the values of p expressed 
in degrees and the values of «|>» are given (<J> ' is the geomagnetic latitude cor¬ 
rected lor the deviation of the zone frvim the circle of latitude «|* 0 = 67°; <!»' = 67° 
-M°). Hie arrangement of the graphs of Sq in accordance with*) 1 ' (Pig.2A) Leads to 
an almost complete destruction of the anomalies in the distribution of S D , especially 
in the high latitudes. In the low latitudes, the replacement of‘I’ by *1’ * is insub¬ 
stantial, and a consideration of the middle and low latitude portions of Pigs.21 and 
2A shows the same absence of any clearly anomalous observatories. 

In this connection, the complete noimaLiLy of the Sq at Huancayo and other ob¬ 
servatories ol the equatorial region i3 of great interest in this connection. Jince 
the S,j- and L-variatioris of lluancayu are abnormally great, the absence of anomalies 
in and D st is an indication that the current systems of the disturbances and of 
the quiet variations are Located in different layers of the ionosphere. 

the close relation between Sq and ( |i ' stands out most vividly on the graphs in 
Pig.2A, which {ive the "meridian" of X' Y •, Z cor res landing to 0, 12, and 13 h 

local ( eomagnetic time. f'he dispersion of the points, mapping the relation X' (,j, ') 
and Z( (!>'), is small. I'hu dispersion of the curve of Y' ( ij. 1 ) is considerably 

* As we will see later, the centers of Lho middle latitude eddies of S D -variations 
are located at this Latitude. 
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greater. This indicates that Y', like D, depends to a greater extent on the value 


of D 0 . 


St ar 82 
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Fig.24 - The S D -Variations; Ob¬ 
servatories are Arranged in Or¬ 
der of Decreasing Corrected Geo 
magnetic Latitude ($>’) 


A comparison of Fig.25 with the corresponding 
graphs of Vestine (13ibl,58) discloses certain dif¬ 
ferences. The most substantial of these is that, 
according to Vestine X< in the auroral zone has ex¬ 
treme values at 6 and 18*', and Z at 0 and 12* 1 , 
while according to our data the extreme values of 
X 1 are shifted to 4 and 16 h , respectively. 

In concluding this discussion of'the geograph¬ 
ic incidence, let us describe the distribution of 
the field in the southern hemisphere. The data 
collected by us show a similarity in the behavior 
of X', Y' and Z' in the low-latitude portions of 
the northern and southern hemispheres. The values 
Z' and Y' are opposite in sign in the different 
hemispheres and are equal to zero on the equator. 
The value X 1 is symmetric in the two hemispheres 
and has its maximum amplitude on the equator. Un¬ 
fortunately we lack observations of high-latitude 
stations of the southern hemisphere for the Second 
International Polar Year, which would allow us to 
judge whether this symmetry in the two hemispheres 
persists at all latitudes. lhe literature contains 
only one attempt to determine the zone of magnetic 
activity from the data of the S^-variations in the 
southern hemisphere (the work by Vestine and Snyder 
“ (Bibl.63), but the results of this work do not 
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s varies lonsiderably (cf.Chapter VU) with the H-year cycle, the use cl thee, ob¬ 
servations'without an appropriate Action might live erroneous reeulte. in sl¬ 
ug the impossibility, at the preeent time, of .aching the position of the southern 

sphere in the analytic representation of the field, considering that, although on 1 

p- 1 r q is the same in magnitude, but opposite m 
in iMUgh approximation, the potential of S u is the 

sign in the northern and southern hemispheres. 

These arguments on the geographic distribution the S D -vana Lions o I 

consider that, in calculating the potential, the field of S c may be assumed to depen 

on two arguments, the geomagnetic iatitude , and the geomagnetic time t„. In = 

case, however, the longitudinal tense will be rather greet. The longitudinal asym 

metry will be considerably lese if the corrected value , ■ is tahen instead of * as 

, , .3 t„). The replacement of i' by ♦ ' corresponds 

the first argument, i.e., b D a o u ‘ M 

to the replacement of the actual auroral zone by an arbitraiy oircu 
Section 3. tdie__T£Ee_^r 


becuion ———- ” ■ — , 

fhe selection of the method of oelouleting the currents responsible for the mag¬ 
nolia variations depends to a large extent on our a priori opinion as to the Ton,, of 
the current system. It is well Known that the problrn, of finding the distribute o 
ghe currents from a., assigned geomagnetic field on a sphere is m practice many 
caluedl U nison ell investigators desiring to evaluate the intensity 
figuration of- M currents have adopted in advance some hypothesis with respect 
theiUtrivtion. we have already shown in Chapter II that, this point . 

view, all- investigators of magnetic shines ere divided into two groups. The 
the first group assume that the magnetic disturbances arc due to linear cu,rents or 
relatively nab™ current belts in the auwral tone, fhe second group embraces the 
m rhe of Chapman and his colleagues, who consider that the currents of magnetic • — 

encompass the earth as a -hole, rowing a spherical current Layer. To sheet 

, . h i/ejeraphical distribution of the fields oJ m.eur 
hypotheses, we calculated the geographical. 
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and oo».par., the,,. with the actually dbs.rved distribution of thi MU V 
varialions* ('inure A stows Uie latitudinal distribution of the X-co,«pon.nt 


r'ig.^6 - Comparison of S u -VariaLions with the Field of the Lmeai 
Current. Along the horisentals, th. distance in degrees to the tone ot 
linear current (th. auroral ton.) is Plotted, and along the verticals, the 

rield intensity in _ (-« r "* ht ‘ 

ponent of Solutions; X oe.pon.nt of Held of vertical current 

„ . a. x component of field of horizontal current 

(according to Gnevyshev); * compone 

(according to Uirlteland) 

neld of vertical current (according to Gnevyshev,, and of the horisontal current 

(according to island,. in reading the Cigars, the vertical linear current is con 

,1 lirection fro. infinity to a height oC » km, while the 
coived as flowing in tin. .liioction i.. 

, rlor „ aL „ heichb of 100 km in a direction perpendicular to the 
horizontal current at <» nncnis 

,r s -variations is listing 

plane of the paper. Ih. graph of the X- component of the ^ 

. b . cll curvei3 by its asymmetry with respect to OZ and by i a 
uiuhed from the two theoretical curves J 

. , n ,h stance from OZ. Obviously the theoretical 
negative values of X' at a certain distance iro 

. sufficiently weii to the observed curve, no 

curves will be unable to approximate suffice J 
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matter what parameters are selected. The same non-correspondence is observed be¬ 
tween the curves of latitudinal distribution of the field of linear currents and the, 
S^-variations of other components and at other hours of the day. 

The hypothesis of a spherical inhomogeneous current layer is more general , 
as shown by sample calculations of Chapman, it is able to explain the complex ^truc 
ture of the field of S D . The above arguments forced us likewise to adopt the hypoth¬ 
esis of a spherical current layer, and, without making any further assumptions with 
respect to the configuration of the current lines, to calculate them from the ob¬ 
served geomagnetic elements, using the method of surface integrals. 

ejection 4. Calculation of External and Internal Potential 

fhe values of the potential V, corresponding to the S D -variations observed on 
the earth's surface were obtained by integration of the X' component, it follows 
from the symmetry of the X' and the asymmetry of Z with respect to the equator (cf. 
supra) that the potential should be antisymmetric and should vanish at the equator. 
The values of V( 0 , t M ) (for the northern hemisphere) were calculated from the 

graphs of. ^ig.25 by the formula 


T 1 

— / AT-/ X 


The calculations ..ere made Cor 116 points at interval, of 1 hours in longitude 
and 5“ in latitude, fhe integration alone various meridians led to to. rollout 

values of Vq = V = 0 : 

Ti. ,, hours . ... 0 1 I. 6 d 10 11 U *> M * 22 

V. , luJ.2 11 11 12 -U 10 !0 ’ 0 ~ 13 2 

0 

Since, as already noted, the potential of the diurnal variations not depends 
on Universal time, must assume zero values I t the pole, the values of V y from the 
annexed table would have to serve ss an indication of the value of the clcula 
errors, out in reality the values of V 0 exceed the mean error of analysis, e,ual 
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to 3 < 10-3 CGS (for more details on the accuracy of analysis, see later). Hie 
existence of a potential-free part in the field of S^-variations might be an explan¬ 
ation for this discrepancy, r’he existence of a potential-free part (I •) in the perm¬ 
anent field of the earth and of the S q -variations has been detected by a number of 
authors, but since such a part requires the existence of vertical elecLric currents 
1C)3 to lcA times higher than the currents that can be observed by the methods of at¬ 
mospheric electricity, the reality of the' M field lias always been subject to doubt. 

The vertical currents necessary to explain the K field of Sp-variations, calculated _ 
by the fonuula i = ^ lids, should not exceed 0.5 * 10—^ CGS and should, as shown by 
calculations, be concentrated in the polar latitudes, fhe observations of the vert¬ 
ical current in Franc Josef Land by Scholtz and at Chelyuskin by Gerasimenko (nibl.lOj 
have shown that the mean value of the currents fluctuates about 2-') * lO- 1 ^ 1 CGS, 
while individual values often reach 1 v lO-^ CGS, which is only 5 times less than 
the values calculated for the li part of the Sjj-variations. 

without discussing the question ; s to the reality arid possible causes of the 
vertical currents (to which an extensive literature is devoted), we may say that it 
would be extremely desirable to repeat the observations in high 1; titudes on stormy 
days, which would help to solve the problem finally. 

i 

Since the mu, ;nitudc of the potential-free field (if it exists) is small in com¬ 
parison with the potential part, it proved possible in first approximation to neglect 
it, by assuming that integration along all meridians leads to one and the same value 
of Vq, equal to zero. Hie errors of closure (i.e., of the values of obtained by 
integration) were distributed proportionally over ell the latitudes, so as not to 
violate the condition that the algebraic sum of the 24 values of 'i along each para¬ 
llel of latitude should be equal to zero. This last condition is dictated by the 
fact that the 5^-variations should be represented by deviations from tne mean iiur- 
nal values of the magnetic elements, fhe values of the potential V obtained in the 
result of the above corrections are given in the cartogram of fable 10. This carto- 
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gram and the analogous me (Table V) for the Z component (prepared from the graphs 
of Fig.25) served ; s the starting material for calculating the external end internal . 
parts of Die potential, V g and \J ± . Hie calculations were performed by the method 
described in tne preceding Ghc j ter; the values of V e and were found ior 108 points, 
at intervals of 10° in It titude and 2 hours ir long-itude. Figures 2 7 and 28 are 


v..-\ 






Fig.28 - %he S^-i/ariations. uatio of External Part of Potential to 

Observed- Potential (V e /V) 

maps of the potentials V e , V ± and the ratio V e /V. L’he isolines of V g and V i are 
drawn at intervals -if lc/‘ CG3. As will be seen from the diagram, the values of the 
potentials for V g range from 92 X 1(P CGo to -90 * 10^ CGo, and tor from -29 x lCp 
CGS to 19 x lu^ CG3, ..nd the signs of the potentials are different on the morning 
and evening sides of the earth. The distributions of the isolines of V e .uid those 
of V ± differ considerably, it is true that the distributions of both ^ and V g are 
characterized by four extremes (two polar unu two middle latitude), but the form of 
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the isolines on the V e map is more elongated in a longitudinal direction. There is 
a shift in longitude which is particularly great for the morning polar maximum. The 
regularity of the distribution of V e and V ± compels us to consider the results ob¬ 
tained a 3 plausible. 

In absolute magnitude, V g considerably exceeds M ± , confirming the Piopo-itlon 
that the principal sources of the field are located outside the earth's surface. 

The value of V e /V varies over a wide range, from 0.55 to 1.75. For three points, 

V e /V > 1 (1.50, 1.11, and 1.75). A regularity in the latitudinal distribution of 
V e /V is noted: the mean value of V g /V for the entire earth is 0.33; Tor the low- 
latitude belt (* < 50°) V e /V = 0.79; and for the high-latitude cap (+> 50°), 

V 0 /V = 0.39. The figures so obtained differ considerably from the value V e /V - 0.60, 
adopted by Chapman, by analogy with the S q -variations. It is not possible at 
present time to give a trustworthy explanation of the latitudinal dependence found 
for V e /V. Two hypotheses may, however, be advanced: 1) The variation in V g /V with 
the latitude indicates the unequal conductivity of the earth at different latitudes; 
2 ) it is possible that the height of the current layer is different at different lat¬ 
itudes, which would seem to be entirely plausible in view of our present knowledge 
as to the heights of the ionospheric layers. 

Section 5. Discussion of the Accu racy of the method 

Let us now dwell on the question of the accuracy of the integral method of rep¬ 
resenting the field, first of all let us evaluate the enur in the calculation of 
V. On replacing integration by summation, we have . ■ «» I X. *> fOT 

simplicity, are denoted by X 1 . 

l'he error in V is evaluated as follows: 

/?A 0 £ 8 *, 

where 6 X is the error in X. 

For 60 - 5°, K - ».* X W* and 6X - 1, 5, and 10 Y , we find that the mxirn* 
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, ,, 12 x 103, 12 X 10'S and 60 x icy* CC3, ro- ' 

—“ lat ' d “ P * ■” , 0 5 x 10 3 1 x 103, and 6 x 103 COS. 

— - - 6v ■ 1 " 6 r; i; ?.L - -. - - 

At latitude 55°, the maximum ern>r for 6X Y 

y -i q lower in the polar cap 
_ i x 103 CGS. If the accuracy of X is lo 

lo3 ;m .cc„ulate u P to the pole. Judging - - — - — - “ 

, ,,„n in the middle latitudes is actually of the onier of 2 Y, 
of the observed data of X in tne mm 

p in y ■ thus the accuracy of V on 

while in the polar latitudes it is of the or er o > ^ ^ 

served can he evaluated as 1 X H>3 COS in the middle latitudes an X 

the pole. Since the ohserved value of the potential reaches 100 X 10 , the e 

would appear to be allowable. 

. ,, w mav te evaluated as follows. 
The error accumulated in the calculation of V e - i 

no TVl bv the siunination expression, we 
0 „ replacing the integral expression eq.(12, IV) hy 

have 

,1 Ad. A0 SS (2 RZ + V) cos <[. 

For Ay - ™ = 5°, cos v =0.5, we have 


.... _o.i2<_Lqzl W(2/?oZ + si/). 

,{V' — v ,) -- 0.3 


. . nf / is lower than that of X; the calculations he ve 
me accuracy of observation of Z is lower 

. , *i t in niJ 20Y (Table 11). 

been made under the assumption of a equa ' . 

i - error ft / for the entire earth, since in 

in this calculation v:e assumed a mean error 

i r v for the entire earth enter the inteerand expres- 

calcuiaLinf V e - V. the values of V for the < 

c, ( \, 1 1 ) m 3(,ou. The small Table 

sion. The number of terms in the expression (V e x ) 

c /., U 1 i* due more to the inaccuracy of L 

presented shows that 1) the errxir * (V e - ^ 

u*. to the inaccuracy el X, 2) the mean ernsr 6 (». - V,) is one er t» eniers 
smaller U» the ernir el the observed V. even —r the least raverthle tss-,.tie„s 

p \r 4o the ScUh6 ts the accuracy of V* 
as to 6 L. Thus the practical accuracy of e 
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In the calculations presented we did not take into consideration the errors of 
the mathematical operations themselves lintegration, etc.), since these I 

fonned with a very high accuracy, much higher than the accuracy of tie initial data. 


Table 11 * 


_ 2X10 J 5X10- 5 10XI0- 5 20X10" 

. 9 SX10 4 0.5X10* 13X10* 26X10* 

- R $ .0,3X10* 0,3X10* 0.3X10* 0,3X10* 

. . . 3X10* 7X10* 13X10* 26X10* 

5(/-l/)c P ... 24 56 104 208 


l'hese eveluations of the .nor, indicia that the inlo t r.-l -Or.I 1- '~> 

pnvide nde (uete Accuracy. In pract.cc ,U ccur-cy is M*** .eten.ioel hy the 

accuracy of the observed experimental ton-• 1 • ‘*7 ’-he accuracy oj 

dft; „ of'curse, we ..sot ,nly the . ... of th. ohserve,.ioho thense.lvc, out 

also the stability and representative nature of the mean dots anti the 

of observation points over the earth'.; surface. 

Section 6. ^ Current J.vsteiii of gicVnriati^Ba 

From the values of V @ calculated by the integral -e thod, • distribution of the 

current density in . spherical layer uf radius » - 1.05 R (0.05 .< - 311 k») - 

,, . • | . p t-hp p. ityer of tie ionosphere, to which it 

structed, corresponding to the heifh .2 

,. r mimetic disturbances c-n be referred, 

is most prubable that the currents of die magnetic 

The current system so obtained (.-if.29) like the above-uescribed Chapman ^stem, con- 
scats of feur current eddies, ot which the twu „»re intense are loc lei <* Ura 
i„ £ and evening sides of Li,e polar cup, »nd the other two in the silddle latitudes. 

fhe signs of the current functions are different, the polar evening , nd widdle- 

- aih-n for the current function, the polar 

latitude morning ediitf* i.ave a positive sig.. ior 

» All v alues' - given in Table 11 are in the 0GSK system. 
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-.-•Hive -inn. ilio cnnL-rs of tiic polar 
morning ,nu midale-latitude evening eduxes a ■»- • • . 

, ,h- ’ nu 15 hour ...criJitns, those or tie ,.,iddle-latJ- 

current „J0l« .« K»»W-> J " U ’° ' * " > . . „ „„ 

• n,p> evening wild morning eddies ..re un- 

tude eddies on the 1 <-nn m l«»r ‘ - 

..I, i • ,,orc intense tlK.n the evoninc eddy, 
equal in ...unnity: the mominr ,olpr eddy .. uno 

, lUe ,,o middle-latitude eddy i. ~~ — u - — L ' 

, ione „ , 07 - 70° line . nrorni *«> U» enrrcnl lines ere closely o P ,.ced, P" ! 

i.-i the linear current flowing 

tiii. right to liken this pert of the ourren, - * ■ • 1 It is 

• , Mh» parth .-ud westward on the morning side, 
eastward on me evenine .id* «t Lh « ea ' U ’ 

.. r0w iiues of fere. tliel m responsive for U.e apecsfsc pec^-rl / 
this crowding the liu- 

of U.e course of wepnetic ..nd ionospheric phenomena - 

fne picture so constructed Tor the currents tiles us to il.terpio 

. r .. ,|p.jcribed bv us in jection 
lh p nattern of geographic distribution of describe . 
lowing manner the pauoer.i ui <-• r 

, in etch hemisphere, there . re f„ur characteristic , P-s of 

i. circumpolar type, ohr.rtctori.in, the daily -inmu. in the 1- •- cun,non 

entsi the ,. P litude of d is eery «U, «> - ~^^ ’ ^ 
polar cup, over which the currents lie,. -he unite,. l,~r in - ^ ^ 

20 - o Iwur .vcridiMi. 

u. polar t„pe, o,.served neU.-en the sene ef close o,u cl,, ef the 

7u e „ a the latitude or the centers ef the ,»l,.r eddies Cl.- 

at the latitude (./ - 7u > •'id me 

. , . llti i,, the .U'-ti-ne .viir.um 

• , 11 o afternoon i.ic-XlMUii. in a * nu 

75°). 11 is chargeteriaoJ hj L,ie ai - 

L I'ho amplitude of loth conponontJ is high. 

m . hiddie-ii-tltude type, observed heUeen the auroral tone ud U.e latituue 

over ouich the centers or the ...idule latitude eddies are located l 1 ” 

characterised hy «„ ovenlnfc maxi,,.urn in X' and d. 

IV uow-lutitude type (between the latitude „l the centers ef the ml.- e- 

latitude eddies and the e„„ater, .. — —. - >' 

. or a. fhc imiplituiles or noth components, especially e f d, ere ,,U. 

^ directly ever the latitudes of the centers of the eddies l* - 75 and - >5 
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and under the »no of cniwdin* of the current lined, transitional Conns are observed, 
characterised by the change in ui*i of the *• variation., and the maximum increaue in 
the amplitude of L in the Comer cases and by the change in oicn of d and an "'crease 



pi ft 29 - Current system of■ dp-Variatioiu. Intensity of current riven 
in thousands of -i.peros. A current ,»f 10,0uo -i»P flows hoUecn two 
successive Lines of current. Che coonliru.to net is the foomatjiiotic 

latitude anu f eoi.ic.gnetic Lime (-, |)*»«iLivo v.uucj >>J uuiruit 

Lions;-ne t ..Live values; 

in the amplitude of a 1 m tne latter ca-e. 

fho location of the centers of the n.id lle-1; Litude . nd polar eddies at tne var¬ 
ious meridians is m full -troemo.it with the ..'ell-know., fact that the time of occur¬ 
rence of the extreme values of 3, is different in the :..idule . nd polar latitudes. 
The unequal mLen-ity of the .iomin t -no evening extreme value- is lil.wwi e und,.r 
staudable if we bear in ..ind that the height of the evening ..«.xii.>um of 3 Q in the 
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middle latitudes in greater than the depth of the morning maximum. In reality, an 
pointed out above, the auroral zone (or the zone of linear current) i3 not <t true 
parallel circle, for thin reason, the Unmdnrieu of the regions correopon ling to 
the various types of Sp will likewise deviate from Lite parallel. 

A comparison of the sysLem of currents of S D calculated by us, which we shall 
hereafter torn the III1ZM# system) with the Cho|<nan system (cf..'ig.Ab) dioclo-.cs 
muuber of substantial differences. First, in the Chapman sum of S D -curronts, as in 
his Ugt-system, the signs oT the current function are not indicated. Obviously, the 
difference in sign of the current eddies discovered by us must bo oT aiguille?ncc in 
the construction of a quantitive theory of tte S D -variaLions. 

The second difference of the I1IIZM system is the shift of the centers of Lhe 
polar eddies, that of the morning eddy to 2 h of ,magnetic time, that, of the even¬ 
ing eddy to 12 - 14 h , while in the Chapman system both eddies are centered symmetri¬ 
cally at b and 13* 1 . because of this di 3 placen,ent of Lhe eldv centers, the currents 
in Lhe polar cap have a direction f crpendicular to the - 1/t hour meridian, which 
well explains Lhe bj-variations of the horizonU L components ct Tliule anJ -rodhavn, 
with the minimum of X' at lA h . According to the Chojman system, a minimum A X' at 
ld h and a zero value at l? h might be expected ? t the-e observatories. 

The [jooition of Llie morning middle-latitude eddy likewise does not agToe in the 
two system's, ■: nd the nb.no Lute values of the intensity of the no l? r edii^-s is liffer- 
ent. In tie Chapman system, the tot.:! intensity of the current flowing througn the 
poi.ir cap io a5u,u0o .mp, .>hilo in the t.IlZK s,sto., it is ?( 0,000 tmp. In the Jwip- 
man system, moreover, the inten sity of the morning Mid evening ol lies i.-, the s. . o. 

However, it Joes seem butt rll these inferences te>.c .< t .-.t the iiffcrence j.i 
the signs of the current function) ' re iue tot .. inch Lj the different t.etr.ol if 
calculation as o-. U.= difference it. the starting J-L? used. An « p; roi iii->Le ev&luf- 
tion of the intensity if the currents from mr i'ta gave the following results: 
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As is commonly known, the density of a unifonn currenL layer of sufficiently great 
extent is i = — , where F~ is the field induced by this layer on the surface of the 
earth, perpendicular to ‘.lie .irection of i. Assumin', tl.r L the ratio of the external 
field to the observed field (F) is e}ual to k, we have i = ^ . If the width of the 
belt of current is l cm , then the total current, is I = il, where i is the mean value 
of the flux density which, w thout great error, can be Laker, as e-pinl to d/3 i, Iinx > 
if parabolic distribution of the density in the flux is assumed. It follows from 

i 

this that 


/ -Alices. 


Applying this approximate formula to the observed variations at Thule (A' Inax = 

= 60 r), setting the width of the flux at 32 °, and replacing the value of tie coe r fici- . 
ent k = O.c, adopted by Chapman, by the value k = O.y found by us for the jjolnr cap, 
v;e have 


0,9 X t b v io- 


Xi X 32 X 1.11 X 10’CGS -- 22 X 10« A. 


Thus a rjurh estimate of the current likewise loads to eddj jnteiu, itius half ns 
great as tluse given by Cha;4n;u. As for the Jirections of Lite p'.rallol currents 
flov/ing Lhi'^ugh the i-olar cap, as we nave already noted, it folLown I.Lrcctl ' fivii.i the 
observations a L Thule and Oodhuvn that the currents must he parallel to the ! - 20 
hour meridian instead of to u - 11 hour meridian, as is the c.iso in the Uia enn sys¬ 
tem. Tlius the absence of a j oud agreement between the ixolar value of the dp-currents 
in the Chajjnan system and t!ie observed variations is explained siu.ply by the ins Je- 
'juacy of the jbserv; tionnl mi ter in Is Liu: L were available to him. The calculations 
presented above show that the ' pproxiiiinte method (if estimating the intensity •_ nd 
direction of the currents gives very good rcsulLs. Of course, the approximate meth¬ 
od does nut make it pjssibLe to sepnjv Le the internal nd external parts from the 
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observed field, to obtain the numerical values of the potential, to Jetc»i.ine the 
sipns of the current functim, nor to elucidate the let*Us >f the conjuration of 
the currentj, etc., but it J, -mply sufficient to obtain < ns ugh picture of the cur- | 
rents .... noces wry for ; lurlitativc IJ-.cussiun of various problems. 

action flu Polar K rt of the ^-Curren ts 

The distribution of tin: ^-currents in 'he .-moral z me shown in was aL - 

no comp, red ly us .i tl. t .* >» -r ct r; of the current obt-ined under the assui.aLion 
of Jinmrity of the current. An sf ted in C:,r pter 1, the caicul: Lionr of the inten¬ 
sity, hei) nt, and (ositbu. of the liner currsnt in the runsr.l 7,.no been carried 
out by a nuji.ber of .minors frm. daserv ,Lions .f ' r"ir of .Utims ir of several 
pairs, yielding different remits, depondim m the • •teri/1- used, accoixlingly, we 
repeated our cLculations usin, the same del- v.e used in constructs the s- stem if 

surface currents. 

The distribution of the vectors of the m.-intic field of the linear electric 
current is schom.Uc Uy repre mated in .-if. 30 . In considering this figure we must 

nagino the current to flow perpenlicular 


lm? 



J.‘i{'.30 - Pattern of hagnetic field of 
Mori/, mla I. nine. r Current 


to Hie plane of the per in the lirect.ion 
fr\oi. the paper tow; ri the observer, • nd 
assume h to bo I lie i ''i; lit of the current 
abive the earth's surface, v. ile ■'n d U 
ore two |\jintr. at which the vetors of Hie 
mainetic fieid -‘re I-noon, on the drawing, 
Lhcv : re ' oc L d at lift* -rent sides of 0, 


the projection >f the current onto the earth'., surf ce. Jl follows fro., tic 'rawing 
in p’s .30 that! 


AO - ■ h ctga 1 
BO ----- h ctg p J 
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„ erveJ rioU , t „ obtain U» n-r*.l vnluos of U» —a, to Ueto,„,,« U„ _ 

. ^ ihe iotoiis lho confieuration of - 

.f the current function, 

f . wl H „ ^a. oulTiciunt to obtain » bicturc of U,c on.- 

the currents, etc., hut 1 ' 

.. .... for lur Ij tativc lir.onoaion of ».- rious ,. ro bl«o. . 

rsnt»s **•$ iioccj^t 1 1j 

a ion 7 .ww.r l‘t rt Of the^ j^uirentu 

jOC I • . • '• _ ijne W1 •— 

distribution of tho in ,J,e r "~ rnl ‘ “ ' 

. ,r f-c current obtained under tl.e aosui-.ftion 

“ o'. inObrptor i, U,e coitions of tbo inter- . 

lP lin -ority of the current. ^ ot-te-i 1 . . 

1 . • -tiror - 1 7.01VJ he 5 been carried 

i • I* 1 line'ir current 3n the i uwM 
sity, hei| ut, and position oL tho Ixn^n cur 

^ . P M .ns or of several 

, r .uthors fr.m ..beerv-tions of ' pfir of „U ti ms 
■ ml bv a number of autnor-. u 

re « different results, de,„di„ ( ... .,t„rii io need. —„ 0 

U. „ur e,eulntio„s usiu, tbe « data t.e need in construct!, tbe — of 

SUr TZl-„ of tbe vuctors of tbe »f,tlc field of tbe Unear oiectric 

fa! in ,-ir 30. Ill considering this. fif»»ro we must 
current is schematicnlll roprs.-Mtod in .if.30. 

imagine the current U» flow perpendicular 

to the plane of the -e per in the lirection 

from the paper towa.vl the observer, and 

assume h to bo tho height of the curro.it 

ab.ve the earth's surface, w .ile : nd D_ 

are two points at which tho vectors of the 

mai nelic field arc known, on the drawing, 

they are Locat’d at different sides of 0, 

p ii follows from the drawing 

the projection of the current onto the earth's sur ace. 

in i**i .30 that: 



_ Pattern of Magnetic Field of 
Horizontal, linear Current 


AO=--/l ctga 1 
BO ~ h ctg p ! 


( 2 ) 
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Ctg a . Ctgp ’ 


tg« = 7 -' , 




<I> 0 = <D fl -f A ctg P = * A — h ctg a, 


if <t>Q is the latitude of point 0 (in our case of the auroral zone) and ‘i’ A and >1' B 
are the latitudes of points A and B. 

The vector of the magnetic field created by the infinite linear current 1 at the 
distance r is equal to 


Consequently, if H is expressed in grams, I in amperes and r in kilometers, then 

, r-«* c /« - Y * A--jg- 

/ 5 rH 5 s|no s(no sin p sin p 

(7) 

/ — 5hX A (1 -f- ctg 2 a) =- 5hX 0 (1 4" c, g s P)- 

For the case where both points A and B are located on the same side of the pro¬ 


jection of 0, we have 


ctg p— ctg a ’ 


4> 0 = Q b -f h ctg p = 4> 4 + h ctg a. 


Equations (3), (3’), (6), (6'), and (7) allow us to calculate all the parameters 
of the current if we know the distance between two observatories whose observations 


are available to us. 


A' consideration of fig.23 shows that the most convenient pairs located near the 
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the height Of the current may he considered to epcist in reality. the »st reliable 
height determinations appear to he those in the night end early ».ninf hours (0-6) " 

and in the afternoon hours (16-20) when the replacement of the surface current hy 
the linear current is most logical. In Lh.se hours, nil stations live results in - 

agreement ,with each other (increase five, 250 to 500 to, in toe period 6 to 6' and de- 

crease ft. 600 to 250 in the period ft. 16 to JuH), ... very close to 

those of ionospheric ,,,ensure,,,ents. At the end of the day <20-v,*) a„d at nuontia.e, 
the values of the heights are very diverse. The calculated values alter. ■ PP e ‘ r 
surd, h > 1000 ,» or h < 0 lea (cf.omissions i„ the h.l,ht column of fshle 12). Tl* 
poor results during this period are entirely understandable if we hoar in ,„ind that - 
in these hours there is no crowding of the current lines (cf.Pig.1V) which wight he 
compared to the linear current. 

Owing to the relatively great dispersion of the values of h, no systemic differ- 

ence in the values calculated for different pairs of stations is found. It can only 

, i • pi, r nr fhp nair IV pave the worst results, which 
be noted that the calculation of h for the p f 

i u n, p, ii.n t ii ie i'jkhuy.'i day Observatory is lo- 
most probably can he explained by the fact th..t the y 

, n„,i ; c -in I lie repion of rctim of the sur— 
cated far from the zone of linear current ..nd as in the ree 

face current flowing in ...ridionai direct!,,, through the polar cap. 

Thus the determination of the height or the current in U,e polar sane hy the 
Shove-presented formulas, as rough as it may he, still does indicate that in the 
high latitudes the current .,yote.. 3„ can lihewise he referred to the level of the 

f , layer, and that we did not commit a great error in adopting the height of the 

, « in .jc»La Lied ca leu La lions*, 

system h = 0.05 It for the entire earth no an rvcra t e. In wk 

. ft.., .Mtirnni fluctuations and 

which would be outside the scope of the present woik, . 

l. »... r , r pvi l ,,ni ( i pIso bo taken 

the latitudinal variations of the height of the current in,or -.u 
into account. 

Th „ variations in the geomagnetic latitude of the linear current tone ( ♦ 0> 
give a still more regular picture.' All stations agree in indicating an increase in 
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the northward shift of the linear current during the daytime hours and a southward 
shift in the night hours, which is full agreement with the j>osition of the zero cur- 

u 

rent line on Fig.29. Hie unexpected drop in the value of ‘1 ’q at 10 fl and the great 
scatter al is explained, is in the case of the calculation of heights, by the 

absence of crowding of the current lines in these periods of the day. There is a 
notabLe systeii.atic difference in the values <1-^ j, <1^ jj, <1> Q jjj, and <{» Q jy. Two 
pairs of station:;, i.inulc-Fort .tao . nd Point Barj'ow-bollen give about the same values, 
fluctuating in the morning ..nd evening hours about <|>q = 66 °> which is in complete 
agreement with the jwsition of the so le ;n rig. 23 , which v/e have Irawn along the 
isoiuiiplitudec of IISq. As sliould have been expected on the be sis of Fig.23, the pair- 
fikhaya ,x y-flatochkin Jhar and dicksun iuaic. tc the southernmost position of the 
zone ( 'l‘(j = 63 - 6A°). There is a certain lack of curresionJenco between Fig.23 and 
the values of Table 12 only for the pair Petsaj .o-Jei r islands (, = 65°) along the .. 

I 

isoamplitudea and *1’^ = 67° for the morning <-nd evening hours of Tabic 12. Thus the 
calculation of the latitude of the zone of linear current on the average is in very 
good agreement with the j'osition of the zero current line in the system of surface 
currents and allows the position of the zone to be made more precise at various long¬ 
itudes. 

A comparison of the intensity of the linear current with that of the surface 
current flowing in the belt 60-70°, indicates good agreement, both in order of mag¬ 
nitude and in diurnal distribution. The systematic difference in ij ... Ijjj again 
indicates the existence of the longitudinal rsymmetry in the distribution of S^, re¬ 
peatedly noted by us. For obvious reasons, there is no special |>oinL in attaching 
any particular signific; nee to the scattered values of 

The above-described parameters of the linear current, calculated by us from the 
Sp-variations for the Second international Polar Year, agree in part with the para¬ 
meters from the calculations of Sucksdorff and ldibl.55) and I la rang (dibl.Vi). In 
particular, the diurnal variations of altitude : nd density are about the same for 
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all three studies. We did not, however, discover the existence of two brancl.es of 
the current on one and the same meridian, which would follow from llninng s woik. W 
likewise fail to find even indications of the existence of the "almost vertical" 
linear current calculated by Sucksdorff. On the contrary, the idea obtained by us 
as to the parameters of the linear current is in full agreement with the system of 
surface currents, which is more objective, and has been calculated without a pvior^ 
assumptions as to the configuration of the current. 
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CHAPTEll VI 


POLAR STORMS 


Section 1. F-xnansion of the Field Potential and Electric Currents i^to Series 
of Cylindrical Functions 

As has been stated above, during the time of a r-olur atom (P), the fluctuations 
in the magnetic elements in the high latitudes reach great amplitudes, often exceed¬ 
ing 1000 y, while in the low latitudes a polar storm manifests itself in the form of 
small bay-shaped disturbances. It follows from Figs.7= 6b that the field of a 
P storm for 'I* < 55° is so small by comparison with the field in the |*olnr cap that, 
without great error, a field that vanishes at A = !>G° may be adopted, and the distri¬ 
bution of vectors considered only on the spherical segment <1> £ A0°. In this case, 
taking the spherical segment as a portion of a plane, the potential of a P nUrm may 
be represented by a series of Bessel functions. The approximation will of course be 
very ivugh and will five particularly great distortions alon L the edges of the re¬ 
gions considered, but it will still enable us to separate from the field observed ~n 
the earth's surface that part due to ionospheric sources, and to form an idea on the 
configuration and intensity of the currents flowing in the ionosphere. In tne cent¬ 
ral part of the polar segment, we lmvc 0 < -'5°, ana it is here that the must incense 
fluctuations of the magnetic field are c.mcentr.'tel, .-.bile the distortions intro- 
uuced uy the repl; cement of the spheric. 1 surface by i. plane surface are re If tivel., - 
small. 

Li view of the fact that the expansion of Bessel functions is here used for the_ 
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. . p* i i »r i ho GisrU.j wc will in 

i . . . iu n „ jp variable 

first tiiue in investigation* ^ ^ . . a do *- 

this section derive the necessary ror.ul: c ..nd ..ill socle 
cription or If current .ft- obtained tor the P stones. 

After selecting s s y ste,„ of eeriest r. , . • » • ^ 

i (1 , t Hl (> olane = »' c irr* 3 "*!"" * J “'- e 
** coincides with the ,, £ netic sets ,-o .. • • ^ .. ^ ^ 

earth 1 s surface, ant, that the pssttrve o .... - ^ ( ^ ^ - 

the potential of the stonr at some fixed 

series: 

*m 

y s ; K.m C0S + ft* Si " ,n<p) 6 ^ ( Xfl p ) + 

n m 

n 

+ y^.(*' m cos«<p+^ sin,,, ^ <? >y -( x: p r )- a) 

It »• 

.. ,. ir •, ce > 0, holnv U.o .urlVwe 

,,e first naif of the serres enver,,. » toe ^ 

of the earth, - nd represent, tne potenth l h,e U externa I -reo ( .). 

„aif ,f the series enverfes Pur . < » ™, represent., the potent, t .1 - -- 

to external sourees Wi>. I •" * S -«•- *» ^ ^ p 

the „» enter, nd „.U, »-,.es on the surfae. of t,e e..Undor of redo,, r - • 

Since we have ass.ed that V - « - 0 a *>. - — 1 « ^ ^ ^ 

, . p n,f. "criJi'if* included l-otuoon 0-0 ona 
analysis e,u,l, the length ,f U..i - £ ,ent of the -ci 

■ ( r .. 10 3 cm> i’hw rield inl.en.oty is 

0 = 40 °, i.e., HI * ^ lo "> ° r htb y ‘ 1 

ov 7 . '!¥. (?.) 

p — araill/ H R z —17* Z dr’ 

,.......—-- —o—— 

—. — - —- — “ - “ * „ 

geomagnetic measurements, while r increases with .nere-.s,,,,. 

P . n m ‘ X --- W rir ■ U') 

v/e have, irom eq.U-ij 

. 13'V 
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From eq.(l) we also have 


z.=? ( *"" iCosn? ~ 1 ' K”* inn?)e 

n m 

_ V V j- ,„cos «•?.sin nD e ■■ j n ' >‘ n n ,r). 


the earth's surface, l “ U and 


\/=^° nm cos * nm sln t) ’ 

n m 

z = 2 V (c flm cos n<p + <*,« sin y » ( V f ) • 


w lie re 


A 

fl nm 8 “ tt U + a «m ’ C "« ' T (< *" m a " m ' ’ 


A 

K„~ PS- + W-* rf n B , = T (P "'"“^ m) ' 


, .. _ e i In av be calculated by the formulas 

If “nm Pnm {,re known ' U,en nm * * * nm " lciy 


a nm “ T ( a n *+ C «") '* 2 l 0 "" C *««) ’ (£>) 

Pnm = =T( a '»"+-')| dnm ) ; 2'( fcnm ” X « ) ' ( 7 ) 

The values of Cnm and d m are easily obtained by expamlinc into series J n 
(x » L) the properly work-up data of the variations of the Z component of the £ eo- 
macnetic field, for the calculation of a,*, . nd it is more convenient to nr Ice use 

of the data of the variations of the if component, from e 'l«(- ) it folio./., 


> r, that 


r 

r -V ^ f Xdr »i V - f Xdr+ V ft . 

r„ V ' ./ •/ 
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Taking r 0 = P, we have 


— f X dr, 


since, by hypothesis, V p 0* r v n or a n 

• 4 . unn or the X 1 component, the value of 
On finding, by numerical integration of 

4 h of the expansion of eq. Ww < 

the region r < p, ». W «-» «- *- ” ' ^ 

F „„ the dietribution of the potential V„ found on the eurfaoe t - 

diffioult to pass to the dietribution of the ourrente reeponeible for it. to the 

potential V hno., on s = 0 be due to a plane leper of ourrente lying «t the leue 

8 . ,, . r „ r , he toper surface of the layer by 

2 ._a n . Denoting the value of the potential for the lwer 

, „ WP have under the condition that the nonnal 

v _, and that on the upper layer by V + , we have, un 

derivative is continuous, 

dV. t dV_ (V) 

~~di di 

Since the current layer is enui.alent to a double magnetic sheet, the second 


equation 


V Y — V_ = 4i*/, 


„ «„ . , a ~ — ““ •“ ” “ r 

. .. v . ... •- - ■»“ • - ... 

x » ( 11 ) 
(a - cos+slnrt?) * T 7n ^ “ |z,<Zo ’ 


V+- 


^^(a+ COS/KP + P+.slnn-P)^ “ + ** ,Z|> *°’ 


y=^2 (Sn,n cos n * +' 


sin rt?) 




&& I X — 2^0 
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Substituting eqs.(ll) " ( 1 3) in or l 3 


.(9) and (10), and equating the coefficients 


of the same cos n<p ^ 


n, we have 


san nip 


a+ = — a" m ; a nm a n/n AnS nm • 


'ttm ~~ ~~ Piwi * P«»» ^ nm 4TCT " 


whence 


S nm — 2 rc a nm > X nm 


“57 P««' 


For z = 0, we have the two identical expressions: 


,_ a V£ («-„ cos n ? + p- m s‘" «?) * >n P y » ! j) - 


l/ r *V ^ K* £0S ^ +■ Sln } ^ ( X " P ) 


On equating them, we have 


, ) »• «ii 

X !T— , * 7 

' : P '" -«’ e 


_ _ qb \ ft* 

f Pnm -ay 

y-e 9 . T „m 2r. 


e \ m *0 

S — —*'" £ n * ; X 

'2n 


where * 0 is the modulus of the height of the currents Postulated by us. 

section 2. starting Material Hesults of the Analysis 

As our starting material for calculating the currents responsible for P»Ur 
stoniis, «« used the data collected and worhed up by Silsbe. and Vestin. (Bibl.51). 
Polar stems are so diverse in fo™ and in intensity that the fonaal averaging of 
series of observations cannot give such good results as it gives with the S q or S D - 
variations. Nevertheless, the statistics of a lar e number of storms for certain 

1 17 
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■ • a definite regularity in 
observatories given by these aethers bo ^ bol „ee„ the number of 

- ——- —"r"- - - ——— 

stones sod the time of dey E 1 ' ,en < ^ usually encountered at 

—*» - - - ne c;:r: L », —. --— 

—--—- ..•- - -.- 

or the point of observation. ln table lli. 

t ,r havs registered, ■ r - L 

end Vostine. and the m»ber ol bays 

Table 13 

P P0 l l ’ Jisiturb&licca 

diurnal llarch of Frequency of • 

(Number of onyj in -) _ 


from - to I AH 


- ------- ... no 20 21 22 23 21, 

13 _ __ — 

+ k u 3 5 6 5 3 


53 U 44 3 \ 2 ± 12 - LL - Z -^ -7-7-77 2 1 1 1 0 0 

■———^TToTTrrrTTVo^ ° i o p i 3 iL- jig—- 

-----TTj 2 1 0 0 0 0 0 0 0 0 0 O o 2 2 2 1 u_g - 

JM + 8 - - 

43 - 4 - 0 0 0 0 0 0 1 1_ 2_2__3---7^7^1 3 6 3 * V 

---TTTTTT^TTT 0 0 u 0 0 0 0 1 J 2 -, 1 0 

3-16 * l l ll 0 0 1 1 1 2 3 2 2 2 1 2.--- 

-——• ^— 7m7oT“* nuctu “ tions ror 011 

A consideration ot the torn a,v lclur e ot the mean 

, p.. r e acli observe tor.. i 

three elements enabled me to cons ru ^ ^ (li3LurUmC es encountered at one 

(or no re exactly, idealised) bays by »veroL a t for different hours 

and the san.e hours of local — - located at 

of the day of the local day, but re.,er„ble ^ ^ riaW depends an the local 

L-titude. in other words, I foun 1 rl „ r ror the 

the =a»e mtlt ^ ^ „„ Je , „ nvo.n. 

time and the latitude. *•»<*»,*. - fi6ur e 31 fi««» ’-he distribu 

iocal geomagnetic time end the e ce»r, E net- “ ^ Tho coordinate net on 

tion of the field of an idealised bay for 
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Table 14 


^ Observatory - -----—~ 

1 Thule 

70.3 35.6 ~ 27 

2 Julianahoob I 

69.0 270.9 2/, 3 

Fort Hae I 

67.1 116 * 7 99 

1’romso I 

64.5 255.4 146 

Colle t e, Alaska 

63.0 161.5 103 

Dickson 

40.4 312.2 191 

3 Tucson I 

43.9 79.3 1^ 

libro I 

-41.3 135.6 . 173 

Watheroo 

3.3 139.3 117 

L Anbipolo * l 

-0.6 353.3 93 

lluancayo I 

_ 2.7 114.3 1 2/ ' 

Mogadiscio j 

- 16.0 260.0 72 _ 

Apia _ 1 —.- 1 — -- ' 

U,e map 1. fowled U, U. r—“* 7 ^ 
di „ rr ™„ the local tl. of the -rt*- —•—« ° “ 

u —.p— - —* 1 - - thc - 7 of u,e V 71 

for the 13 enumernLed observatories Per but also for 21 end 3 , >•>'. letter 

b8i „ c pieced on the meridians correal * *1- — ^ ' « — 

J .he horizontal component of the stow, field U represented ,, the rector 

the vertical component b y the di S it at the orlfin of the vector. It »ill be c ear 

m. the figure that the vectore of „ are directed „r,cari,v — ““ 

meridians, that the vectors reach their .— ““ * ‘ “ ' ? ’ \ 

M r n o HlPV -ire nerlifibly small. The representation of 
that, at latitudes lower than 50 the> are nc C i C 

... r,. . „ . g er ie 3 of Bessel functions was accom- 

the field of a polar storm shown in \'ig.3 Y r 

of the Z components were interpolated for 
plished in the following manner: Uie data of the 

13 u 
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.various latitudos ( <t> equal to 90, 70, 67, 64 and 50 °). For each latitude I calculat¬ 
ed the coefficients of the expansion of Z into the Fourier series: 


Z = 2 (Pn cos s * n W), 

where the argument <p corresponds to the geomagnetic longitude A . For a satisfactory 
representation of Z it proved to be sufficient to confine myself to n = 0.1 and 2. 


Fig.31 - Field of Polar Storm (According to Vestine). The horizontal 
component of the field is shown by an arrow, the vertical by numerals 
(in gammas). The corrdinate net is the geomagnetic latitude and the 

geomagnetic time 

bh 

Then'p n and q n were represented by a series of Bessel functions of the n 
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order 


m 

«,( l rf) 


while c 


run 


and d were found by the well-known formulae 


run 


' r "- = [/»-i(C)]* * 




The valuee of the H component, as indicated above, were first integrated to ob¬ 
tain the value of the potential V, and then a^ and b^ were calculated by means of 


eq.(4). 


Table 15 gives a summary 


o-ft'he coefficients .. • d m 30 obtained. 


Table 15 * 


m . 
c 0 . 

C\ . 


2 
a 0 . 

«i • 
6, . 
a , . 
*. . 


1 

2 

3 

4 

5 

-32 

-39 

63 

46 

—50 

-51 

-77 

-6 

60 

-30 

27 

-81 

-84 

73 

—34 

—26 

—64 

— 18 

25 

1 

-31 

-7 

8 

—2 

—12 

3 47 

1.66 

- 0.60 

0.02 

- 0,09 

, ■ 

_ 

— 

— 

— 

3.28 

3.66 

- 1.48 

— 0.25 

1.04 

1.03 

1.36 

0.18 

0.09 

0.11 


■ 





Equations (4) and (5) satisfactorily represent the initial observed data, as in¬ 
dicated in Table 16 which gives the calculated and observed values of V (in CGSH) and 

» In Table 15 the values of the coefficients are given in units of 10-5 C GS. The 
values of & 1 and b 2 do not exceed a few units of the fifth decimal place. 
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of Z (in 1 Y ) for four points. 

Thelseparation of the potential into portions of external and internal origin 

by means of eqs.(6) and (7) showed (Table 17) that the external potential ty consid- 

6 

i 

i Table 16 



Z obs 

Z , 
calc 

\r 

ob3 

V calc 

-170 

-140 

5 x 10- 5 

5 x 10- 

- 60 

- 90 

5 

6 

120 

100 

2 

2 

ISO 

200 

2.5 

2.5 



erably exceeds the interrial potential V^. for a quantitative estimate of the ratio 
of the external to the internal fields it is more convenient to represent V in the 


v-2I (j 

n m \ 




) cm . 


where 


e : = /(0 , T(PJiJ'; tgT- = -%, 

a nm 

C=^KJ+Cl’; tgC?=-4 fL - (2D 

*rm 

Table 17 gives the value of eJJ ... and also of f = i/E and 6 = Y - r. . 

This fable shows that in tv/o cases f > 1 and in one case f could not be calcul¬ 
ated, because of the smallness of the initial coefficients. In Chapter X, we will 
show that the values obtained for f and 6 are in agreement with the hypothesis that 
the internal part of the field is of inductive origin. The mean value f = 0.86 is 
the same as that obtained for the polar cap from the data of the S D -variations 
( v iA e = 0.69)j which indicates the plausibility of these values. The value f = 0.86 
0.89 considerably exceeds the corresponding values for the S q - and D gt -variations 
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CHAPTER VII 

SEASONAL AND 11-YEAR VARIATIONS OF THE D at AND S D CURRENTS 


Section 1. The 11-Year and Seaso nal Variationa of the D st Currents 

The present Chapter is devoted to a discussion of the variations that the mean 
pictures of the electric currents described by us undergo with the seasons of the 
year, ancl with the 11-year cycle. It is not possible to collect the observational 
data for a series of years from the wide net of observatories that is necessary for 
the mathematical calculation of the currents. I therefore confined myself to the 
# study of the 11-year and annual variations of the D at and S D variations from indivd- 
ual base stations, on the basis of which I then drew my conclusions as to the varia¬ 
tions of the current system as a whole. As my basis I selected observatories with 

long series of observations whose variations are characteristic for the correspond- 
• ing regions. 

Let us first turn to the 11-year fluctuations of the D at currents. The depend¬ 
ence of the degree of magnetic disturbance on the level of solar activity is widely 
known: the coefficient of correlation between the annual numbers of the u-measure 
of magnetic activity and the relative sunspot number may go as high as 0.9. Since 
with increasing solar activity, the number and mean intensity of the disturbances 
also increases, it may be expected that in the 11-year cycle the mean characteristic 
% of the D at variations will vary and, consequently, the intensity of the system of 
currents equivalent to it will also vary. Instead of the very laborious calculation 
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in whose analysis the data from the entire earth were used. The possibility is not— 
excluded that this discrepancy is not fortuitous, and that it indicates the aniso¬ 
tropy of tiie deep parts of the earth (for more aetails, see Chapter X). 

Table 17 * 

E»terrw*l field 


1 

3.33 
0,30 
1,46 
0.63 
0,14 
1,51 
284 
0,65 
348 


2 3 

0,99 -0.44 
0.25 0,01 

2,09 —0,55 
0.85 0,12 


0,02 

1,96 

277 

0,85 

359 


Internal Field 


I 

2 

3 

1,02 

0,72 

—0,16 

—0,30 

-0,25 

-0,01 

1,80 

1,57 

-0,92 

0,40 

0,51 

0.06 

-0,14 

-0,02 

0,00 

1,82 

1,59 

0,92 

260 

261 

91 

0,42 

0,51 

0,06 

20 

3 

0 


4 5 

-0.10 0,03 

—0,10 0,04 

-0,25 0,56 

0.00 0,06 
0.00 0.02 
0,32 0,57 

92 274 

0.00 0,06 
90 342 


4 5 

-r0,07 —0,12 
0,10 —0,04 
0,00 0.48 

0.08 0,06 
0.00 - 0,02 
0,10 0,50 

0 265 

0,08 0,06 
0 18 


io o} Internal ^nd External Fields 

1 2 3 4 ‘ 

1.21 0,81 1,67 0,31 C 

0,65 0,60 0,60 — | 

24 16 — 2 92 c 

, -32 -4 0 90 -X 


5 

0,88 

1,00 

9 

-36 


The ionospheric currents whose field is identical with the field of the ideal¬ 
ized polar stem were calculated by eqs.(13) and (19). The disturbances of the polar 
ionosphere, as a rule, extend to heights of 100-3U km. Down to these same heights 
the lower boundaries of the aurura usually descend. This forces us to consider that 
the most probable height of the currents of polar storms is the region of the E layer 
of the ionosphere, i.e., 90-120 km. The highly local character of tte course of these 
storms, when the form and intensity of the disturbance varies considerably over a dis¬ 
tance of a few hundred kilometers, likewise prevents us from referring these currents 
to great heights. These assumptions forced us to use z Q = 100 km in eq.(19). The 

LYwoSes'.' 8 V ° 1 ''“ ° f *' ““ 1 , iVe " 1 " a! ' d U ’° S9 C, 6 , 
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of the D st variations for different years, I lifted «yself to the consideration of 
the quantity D m - H d - H q . * oonsideration of ^ is entirely adequate for Judging 
the geographic distribution or tic. fluctuations of the field of D st , since, a, noted - 
above, D„ is approximately equal to the mean value of D st H on the Wo first days of 

a storm. 

, r\ anH ,»* it vfiXX b6 seen thst tho geo - 

From Fig.33, showing the relation of D m and * , il hui 
graphic distribution of D m in the middle latitudes (, * 50°) varies little during the., 
course of the 11-year cycle, the curve, of D m (.„) in the years of high activity 
(1938) and low activity (1933) almost parallel each other. In the high latitudes 
(,|, > 50 °) there is a considerable change in the form of the curve of D.U). «°“°’" !r ’ 

as repeatedly pointed out, the D m of high latitude, are due mainly to polar storm, 
and do not characterise the D, t field. In view of this it can be considered that, 
from year to year, there is little change in the configuration of the D st current 
system, but that there is considerable change only in its intensity. 

In the preceding Chapters we have pointed out that the approximate method of 
evaluating the intensity of currents gives good results, close to those of the exact 
mathematical methods. Thus, for example, the intensity of the D at current flowing 
west along the parallels of latitude in each hemisphere, according to the data of 
spherical analysis, is I = 180,000 amp, while the approximate estimate, based on the ^ 
value of Djn at Huancayo, gives I = 176,000 amp. Starting out from this good corre¬ 
spondence, the current strength of D st Was calculated from the Huancayo observations 
for 1922 - 1944. As will be seen from Fig.34* the current strength undergoes great 
fluctuations, from 12 x 1CA amp in years of low solar activity to 40 * U* and 50 * 
x 10 4 amp in years of high activity. Corresponding to this, the mean current den¬ 
sity varied from 1.2 x 10* to 5-0 x 10r5 CGSM. Just as in the consideration of the 


* The values of I for 1919 - 1922 are calculated from the values of D m at Watheroo, 
and for 1945 to 1950 from D m at Zuy. The values of D m at Watheroo and Zuy were mul¬ 
tiplied by the factor 1.2 to reduce them to the values at Huancayo. 
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coefficients s and t (in amperes) caiculated under this hypothesis are given in 
Table 18, and Ub resultant system of currents is given in Fig.32, A comparison of 



i.s 


Fig.32 - Current System of Polar Storms; Intensity of Current in 10,000 
Amperes. The current flowing between two adjacent lines of current is 
10,000 amp. The coordinate net is the geomagnetic latitude and geomagnet¬ 
ic time. ( _ positive values of current function; - -negative values) 

the current system of Fig.32 with the Silsbee - Vestine system, constructed on the 
basis of these same data, but by an approximate method, indicates their great resem¬ 
blance. This is still another confirmation of the conclusion drawn by us in Chapter 
V to the effect that the approximate method gives a good idee of the configuration 
and intensity of the current lines, and can be successfully used in cases where a 
qualitative idea of the current system must be obtained without great expenditure of 

1 
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11-year cycle of other magnetic characteristics, a lag of the magnetic maxima behind 

the solar maxima is noted in good agreement with the corpuscular nature of magnetic 

. disturbances. 

<*> 

^ In the work of Chynk (Bibl.4l)> cited in 

^ '• '* " Chapter I, it has been established that D m has 

1536 z. 

systematic seasonal fluctuations. Besides the 

20 * double wave with maxima at the epoch of the equi- 

• noxes and minima at the epoch of the solstices, 

gO - * which is inherent in all measures of magnetic 

1933z. r.(j^ 

40 - , activity, a simple sinusoidal wave with a maxi- 

20 • * mum in the winter for each hemisphere and a 

80 • minimum in the summer may also be separated 

GO r from the annual march of D m . At Huancayo, lo- 

1938s. V. # 

4 ° ' • r* cated close to the geomagnetic equator 

20 I . _i_j. (.p - -0.6°; <p ■= 12°S), the value of Dm is about 

0 10 20 30 40 50 

equal at the December and June solstices (cf. 

Fig.33 - Dependence of 

Fig.35, which gives the values of D m for the 

Dm “ Hn - Hd (in y) on the 

^ ’ years 1922 - 1944). This compels the assump- 

Geomagnetic Latitude 

tion that in the epoch of the solstices the 


0 10 20 30 40 50 

Fig.33 - Dependence of 
Dm “ Hq - Hd (in y) on the 
Geomagnetic Latitude 


lines of zero value of the current function are not deflected far from the geomagnet¬ 
ic equator, in contrast to what happens in the case of the S q variations. The inten¬ 
sity of the current (in lcA amperes) in the northern hemisphere, (calculated from 
the D m H of Zuy Observatory) and the southern hemisphere (calculated from the D m H of 
Watheroo Observatory) is shown in Table 19. The mean values for 1938 - 1944 of the 
intensity of the D at current are given separately in Table 20 for the northern and 

southern hemispheres. 

Thus the seasonal fluctuations of D st actually do have a maximum at the epoch 
of the equinox and a minimum at the epoch of the solstice. The summer minimum is 
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labor. 

The system of currents represented in Fig.32 consists of two eddies in which the 
current flows in opjxosite directions. This explains the fact, illustrated by Figs.9 
and 31, that at polar stations located in different hemispheres the storms are usual¬ 
ly observed simultaneously but have different signs for the II component. The current- 
eddy located on the morning side of the polar cap is considerably weaker than the 
evening eddy: The total current in it reaches 16,000 amp, while on the evening side 
it is 55*000 amp. 

The system so described is completely different from the currents postulated to 
explain the polar storm by Birkeland, but, conversely, it does resemble the polar 
part of the currents of the S^-variations. This resemblance is entirely understand¬ 
able if we bear in mind the fact that the polar disturbances, which everywhere accom¬ 
pany worldwide storms, make the greatest contributions to the Sp-variations. 

Table 10 


I 2 3 4 5 

-32X10>A —17X10^ 8X10^ 23X10»A 1XI0*A 

-26 -40 11 5 13 

— 11 —16 —2 0 -1 
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deeper in both hemisphere than the winter minimum. 


Table 19 



a) Watheroo; b) Zuy; c) Summer; d) Winter; e) Equinox 


Section 2. n-Year Variati on nf the Middle-Tatitude Part of . t he S D Currents 

The 11-year and seasonal fluctuation of the S Q variations are considerably more 
complex. The mean annual S D variations were calculated for a number of observatories 
for all years for which the data was available to us. As an example, the S D varia¬ 
tions for three observatories (Dombas, Slutsk and Huancayo) are given in Tables 21 - 
23. A consideration of the materials collected by us has shown a very systematic 
variation of the S D variations from year to year. In many cases these changes are ^ 
expressed in the increase of the amplitudes with the increase of solar activity. 

But in a number of cases, changes of form and a shift in the time of the extreme val¬ 
ues is observed (thus, for example the S D H of Slutsk, the Sj^Z of Uellen and Matoch 
kin Shar, etc). At different latitudes, the cyclic variations of S Q proceed dif¬ 
ferently. The peculiarities noted in the variations of S D force us to assume that 
the intensity, location and dimensions of the four current eddies making up the cur¬ 
rent system of S D vary during the course of the cycle, the variations in the polar 
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and middle-latitude eddiee being ungual. In this Section » -U discuss 
tuations of the sdddle-latitud. eddies responsible lor the course of the S„ 
tions in the belt of i 60° geomagnetic latitude. 


the fluc- 
varia- 



Fie 31 - Cyclical Fluctuation of Electric Currents of D st and S D Variataon, 
(„ . relative sunspot n-er; I at - intensity of D st current; IJ, - inten¬ 
sity of middle-latitude eddy of S D current). The dots indicate the inten- 

... T intensity of polar eddy. Units of 

si ty of the additional eddies. J Sd - intensity P 

i a.j„ latitude of auroral zone (from 1922 to 

intensity -1C* amp. >1 0 - geomagnetic latitude 

193t , from data of the S D variation, at SitKa observatory, from 1,34 to 

19W , from data of the S D variation, at Uellen Observatory) 


• 

Table 

20 


Hemisphere 

Equinox 

Winter 

Summer 

Northern 

36 x 10^ 

28 x lcA 

23 x 10^ 

Southern 

40 

28 

23 

Middle 

38 

28 

23 


1^6 
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, a v „iatlon3 at the low latitude observatories during the 
The variation of the S D variations * 

, T ih. s variations at Huancayo, Watheroo and 

11-year oyole are mil (for example, the S D vanatl 

Pari,,, and M nif.st themselves ..inly in variation, of amplitudes. In the e,ua or - 
,1 ,one, the S 0 Z eomponents differ little rr. «- H components of 

{ ,„ , lt0 o . 50 o), the S D variation, of the X component, are faint while those o 

z components are distinct. In view of this 
Ur o fact, it is more convenient to select the am- 

50 - * plitude of S D H (or X) at the equatorial sta- 

40 - l o * tions (R h ) and the amplitude Z at the middle- 

30 ■ •* • * •- latitude stations, as our index of intensity 

20 - c of the S D variations. The values of R„ and 

10 ' f R? given in Table 24 for Huancayo, Watheroo, 

0 20 40 00 SO wu uOW pariaj and other ob g er vatories show that there 

Fig.35 - Values of D m «= H q - H d ^ ^ exact paralle iism between the march of 

from Huancayo Data for 1922 - 1935 ^ amp iitude and the annual relative sunspot 

(o - I, II, XI, XII months; o - V, faut still the periods of elevated 

VI, VII, VIII months; W - Relative (1925 _ 3 . 931 , 1936 - 1942) are like- 

Sunspot Numbers) fey an increaae Q f amplitude at 

all observatories. A certain shift of the maxima is noted (a lag of the maxima of 
the S D amplitudes behind W), which is entirely absent in the S q amplitudes (for com- 

parison w. also give in th. Tahis the R(SjO for Watheroo and the u-measure of activ- 

, , . whenort. is the maxiimm of the cycle 1923 

ity). Particularly characteristic in this respect is 

. in ,ni»r activity and S n variations in 1928, and in S D , in 
- 1933 which occurred in solar activi y q 

, ftf R 5 at Watheroo). The march of the RS D mimbers 
1930 (see the very sharp increase of RS D at watneroo,. 

ls i.„ smooth than th. march of RS q , the u-meas»r. and W. The cyclical variations 
depends on the latitude: at Paris, the BS D are greater than at Watheroo and Huan- 


0 20 40 CO 80 100 120 W 

Fig.35 - Values of D m = Hq - H d 
from Huancayo Data for 1922 - 1935 
(o - I, II, XI, XII months; o - V, 
VI, VII, VIII months; W - Relative 
Sunspot Numbers) 
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Th . observatories located in the son, of the center of the middle-latitude eddy 
( 0 - 1,0 - 50°), display not only considerable fluctuations in the amplitudes of S D , . 
but also a variation in the form. This indicates that the position of the center of 
the middle-latitude eddy varies in latitude from year to year.* Thus, according to 

the data of the S d at Slut* (cf.Table 22) it is very clear that in 1924, 1931, 1 . 

and 1935 the center of the eddy was at the latitude of Slutsk, in 1932 and 1934 some¬ 
what north of Slutsk, and in the remaining years south of Slutsk. In the first 
years of those enumerated, the S„H hardly deviates from the s.ro line, in the follow¬ 
ing group of years the form of S D « approaches the low-latitude type (with a minimum 
in the afternoon hours), and in the year, of the last group, the form of S D H is typ¬ 
ically middle-latitude, with a clear ^imum in the evening hours. The same varia¬ 
tions in the phase of S D H takes place at Sverdlovsk, Kaxan', d. Bilt, and Zuy. To 
give a more ^pressive idea of the fluctuations of the center of the middle-latitude 
eddy. Fig.36 shows the position of the center of this eddy in 1932 - 1933, 1936 - 
1939, 1941, 1944, and 1948. The position of the center in the II Internationa 
lar Year is plotted from the most complete data of all. It will be seen from the 
figure that it represents, like the tone of poetic activity, an ellipse which, in 
very coarse approver, is conceal with the tone of magnetic activity. This is 
evidence for the view that the asymietry of S D , which was mentioned in Chapter 
also exists in the sdddle latitudes, but to a lesser degree. <* the territory of 
t h. USSR the line of the center of the eddy ^sses through Slutsk, north of Sverd¬ 
lovsk and Kasan., , 0 — north of Zuy, and considerably to the north of Toyohara, 

. • • /n q i i \ , n which the value of W was al- 

South Sakhalin. In another year of minimum (1944), 

, j, o I, 7uv i s dose to that of 1933, but at 
most identical with its 1933 value, ohe S D H at Zuy 

n shift of the center of the eddy during the hours of the day, 
* There is also a small shift oi tne cem,ei 

which is manifested, for example, in the shift of the —- - W * 

1, hours in 1932 to 1730 hours in 1,39. But this shift is very scmll by comparison 


with th. variation of the latitude of the center of the eddy. 
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Sverdlovsk and Kazan' S D H is almost of transitional type, which compels us to plot 
the line of centers in 1944 somewhat to the north of these observatories. In the 
years of high activity, the line of centers plainly descends to low latitudes, but 

f 



Fig.36 - Position of Line of Centers of Middle-Latitude Eddies in 
Different Years of the Solar Cycle. The Coordinate Net is Geomagnetic 


this movement is not parallel in the entire sector we are discussing. The fact that 
in a year of exceptionally high activity (1948), the position of the lines according 
to the data of Kazan', Sverdlovsk, and Zuy was almost the same as in 1944, appears 
to be somewhat surprising. Thus the conclusion may be drawn that the fluctuations 
of the line of the center of the middle-latitude eddy are very complex, and that the 
data of observatories located at different longitudes must be used for their study. 

Considering however, that on the average, with increasing activity, the lines 
of the centers descend by 5 - 6°, I calculated the intensity of the current of the 
evening eddy (1^ ) for 1922 - 1944, based on the value of the evening minimum of S D 
at Huancayo and using the above described approximate formula. It was found that 
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Variations 
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■ the march lJ D is completely parallel to the march of R H at Huancayo. It follows that 
Sq depends almost completely on the value of X and depends little on the extension of 
the eddy along the meridian. Consequently, the error of ±4° which may possibly have 
been made in estimating the position of the center of the eddy will distort the value 
of Ig D only slightly. 


Table 24 



a) Year; b) Watheroo; c) Paris; d) Slutsk; e) Sitka; f) Trornso; g) Lovo; 
h) Dombas; i) Huancayo; j) u-Meaaure 


The following features must be noted in the march of Ig Q (cf.Fig.34): 

1. The values of Ig^ vary by a factor of almost 3 from the year of maximum ac- 
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tivity to the year of minimum activity (3.8 in 1925 and 11.0 in 1927 and 1943). 

2 After 1938 the valueB of 1^ continue to rise almost monotone, reaching very 
high values in the years of the minimum (1943 and 1944). Since material for only two 
cycles is available to us, it is difficult to give an explanation for this phenomenon. 

3. In some years (years of high solar activity: 1927, 1928, 1937) the center 
of the eddy splits into two parts, that is two maxima are found in the S D H at Huan- 
cayo. The secondary maxima are marked by dots on Fig.34. 

4. The agreement between the cyclical variations of I Dgt and Ig Q is small. 

Thus, for example, the sharp drop in ij in 1928 corresponds to a smooth march of 

Ip , and, on the other hand, the maximum of Ij!^ in 1930 corresponds to a minimum 

in ii . The fluctuations Io are less regular than the fluctuations’ of I Q ; the 
OQ st 

latter follow the cyclical variations of W considerably more closely. The march of 

ii displays no tendency to a lag in the time of the maxima with respect to W, and, 

S D 

on the other hand, a certain lag of the epochs of the minimum does appear. The re¬ 
latively poor correspondence between ii and ii becomes particularly interesting 
if we bear in mind the fact that the intensity in both systems of current is calcu¬ 
lated from one and the same empirical data of the X component at Huancayo Observa¬ 
tory. This poor correspondence, it seems to us, is one of the indications of the 
different nature of these two current systems, the D st currents being more directly 
correlated with the intensity of solar activity, while the S D currents may possibly 
be affected by other factors as well. 

Section 3. The 11-Year Variation of the Polar Part of the S D Currents 

For studying the fluctuations of the polar eddies, the Sy variations of the ob¬ 
servatories at Dombas, Lovo, Sitka, Godhavn, Sodankyla and other Arctic Observator¬ 
ies were calculated by me. The fluctuations of Sy at the polar observatories from 
year to year are considerably greater than at the middle-latitude observatories. 

The cyclical variations of the amplitude of Sy reach their maximum value in the im- 


F-TS-8974/V 


iroved for Reli 


16028201 











C06028201 


roved for Rel 




06028201 


mediate vicinity of the auroral zone (observatories at Tromso, Sitka, etc). At the 
observatories with the circumpolar type of variations (Godhavn, and, in part, Tikhay. 
Bay) the variation of the amplitude is again considerably smaller. Since all the 
above enumerated observatories are far from the centers of the current eddies, the 
S D variations of the horizontal component are of the same type as to form in all 
years, and differ only in amplitude. A change in form is observed in the % of the 
observatories located beneath the zone of the hypothetical linear current: Sodankyla, 
Matochkin Shar, Dickson. In the Second International Polar Year, a transitional 
type of Z variations was observed at these observatories: at Sodankyla, it was close 
to the middle-latitude type, while at Matochkin Shar and Dickson it was close to the 
polar type. This indicates that the zohe of linear current, (or of strong concen¬ 
tration of surface currents) must pass to the north of Sodankyla and to the south of 
Matochkin Shar and Dickson. In years of high activity, the S Q variations of Z at 
all three observatories take on a distinctly polar form, which confirms the well 
known fact of the descent of the zone to lower latitudes with the growth of activity. 

To obtain the numerical data on the location of the zone and the intensity of 
the current in different years of the 11-year cycle, I calculated the value of I and 
* 0 , using the formulas for the linear current (cf.Chapter V), from the data of few 
observatories, assuming that the height of the current during the entire 11-year 
cycle did not substantially vary from that of 1933. The replacement of the surface 
system of currents by linear system as we have seen in Chapter V, allows a rather 
good estimate to be made of the- position of the auroral zone. The assumption of the 
invariability of h does not of course correspond to the actual behavior of the 
heights of the ionospheric layers, and this produces a certain element of the arbi¬ 
trary in my results. But whatever scanty information on the 11-year fluctuation of 
the height of the F 2 layer in the polar latitudes is today available indicates that 
these fluctuations are not large. The calculations made separately for the morning 
and evening hours (cf.Table 25) show that the latitude of the zone and the intensity 
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north of it, are less regular. Thus, for example, according to the data of the Dick¬ 
son Observatory, the southern position,of the zone connected with the maximum of 1938 
was maintained until 1943 inclusive. The fluctuations of the position of the zone, 
from the data of the Matochkin Shar and Chelyuskin Observatories, according to the 
extremely fragmentary information represented by the data of Table 25, appear to be 
entirely random. The intensity of the polar current, according to the Chelyuskin 
data had maxima in 1940 and 1943, but according to the Matochkin Shar data, in 1937. 
It is possible that the results obtained may be interpreted as follows: during the 
11-year cycle the width of the auroral zone varies. Its southern boundary is regu¬ 
larly shifted southward in the years of high magnetic activity and northward in the 
years of low activity. The northern edge of the zone is either little shifted at 
all during the 11—year cycle or is shifted according to certain peculiar and still 
imperfectly elucidated laws of its own. These facts are in good agreement with the 
view of auroral investigators to the effect that the cyclical fluctuations of the 
auroral frequency in the zone and in the polar cap are different from those at lower 
latitudes. Thus Vegard denies any existence whatever of a regular cyclical behavior 
-in the auroral frequency. Tromhold indicates a cyclical march Inverse to the march 
of solar activity. On the polar cap, the 11-year oscillations have 2 maxima each 
(on the branches of falling and rising activity), and in the zone itself the 11-year 
march has a transitional form. Pushkov and Brunkovskaya (Bibl.28) have found that 
the southward displacement of the auroral zone on days with elevated magnetic activ¬ 
ity does not involve the weakening of the auroral displays to the north of the zone, 
which once again indicates the possible expansion of the zone with increasing ac¬ 
tivity. 

The question as to the position of the zone of linear current and of its fluc¬ 
tuations in the 11-year cycle is of great importance in calculating the working fre¬ 
quencies of radio waves over routes passing through high latitudes, since this zone 
is at the same time the zone of maximum absorption. In view of this fact it appears 
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to be necessary to continue the accumula¬ 
tion of material on magnetic disturbances 
and their auroral displays, which will __ 
help to pinpoint the position of the zone. 

The material on the Sq variations 
considered by us allow us to draw two con¬ 
clusions: first, that the study of the 
Sp variations can yield useful informa¬ 
tion on the diurnal march, on the 11-year " 
fluctuations, and on other peculiarities 
of the zone, and second, that the present¬ 
ly available data from observatories sit¬ 
uated inside the zone are insufficient 
for the formulation of any reliable pic¬ 
ture of the displacement of the northern 
edge of the zone. 


Section 4. Seasonal Variations of the S D 
Currents 


Let us now consider the seasonal va— 
riations of the current systems of the S D 
variations. The literature summaries of 
the S D variations (Bibl.4, 6, 61) show 
that the seasonal variations of the S^ of 
all three elements are small, especially 


Fig.37 - The S D Variation of the H and in the middle and low latitudes. As in 

Z Components of the Magnetic Field in the case of the 11-year fluctuations, the _ 

1932 - 1933 from USSR Observatories character of the variation of the compo- 

a) Winter; b) Equinox; c) Summer “ents «ith the seasons is completely de- 
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termined by the position of the observatory with respect to the current eddies. At 
observatories far from both the centers of the eddies and the zone of linear current, 
the seasonal variations reduce, on the whole, to an increase or decrease of the am-- 
plitudes. Observatories near the centers of the eddies often note an inversion of 
the the phase of X, while observatories located in the neighborhood of the polar cur¬ 
rent note an inversion of the phase of Z. Figure 37 gives the S D variations of a 
few observatories for the Second International Polar Year, which give a clear idea 
of the seasonal variations characteristic for different types of S D . The amplitude 
of the variations is greatest at all latitudes in the epochs of the equinox and is 
smallest in the winter period. Their position of the centers of the middle-latitude 
eddies does not remain constant throughout the year, descending southward in the sum¬ 
mer months and ascending northward in the winter. From the variations of the hor¬ 
izontal component at Zuy Observatory, at the latitude of which the centers of the 
eddies were located during the Second International Polar Year, it is clear that in 
summer the middle-latitude type of is observed, while in winter the type observed 

is low-latitude. In the equinox, when the lines of centers occupy an intermediate 
position, the S D at Zuy are of transitional type with very small and irregular oscil¬ 
lations during the course of the day. 

At observatories close to the auroral zone (Dickson, Matochkin Shar) the middle- 
latitude type of Sq variations is observed in summer and the high latitude type in 
the equinox (cf. the SpZ components) while in the winter the SpZ components have a 
characteristically transitional form. This indicates that the fluctuations of the 
auroral zone are similar to the fluctuations of the line of centers, more specifical¬ 
ly, that zone occupies an intermediate position in winter, descending to the south 
in the equinox and ascending to the north in the summer months. The position of the-, 
line of centers of the middle-latitude eddies and of the auroral zone, calculated 
from the data of the whole net of observatories, is shown in Fig.38a. The broken 
lines in the sector 180 to 270° denote the absence of data for these longitudes. 


F-TS-8974/V 


roved for Rel 


wmmB mis 


6028201 











C06028201 


roved for Rel 




06028201 


.. 

, Mt- h eddies (I) and of the high-latitude eddies (II) 
•The intensity of the middle- a u e current , are given ' 

(in amperes), calculated by approximate formulas 


in Table 26. 


Table 26 


1938*1939 


1 II 


. .5 I® I * 

. - I • 

l . * js i 5 21 

„ot.. The value. In Table 26 are given in lcA MP- 
■ a) second International Polar Tear; b) Winter; c, Equinox, 

d) Summer; e) Tear 

rtf different solar activity: in the 

The seasonal fluctuations differ in years ^ ^ give3 the position 

years of high activity they are considerably P character of the 

01 the line ol center, and cl the polar tone lor 1,36 » th> y .ar. 

a thp zone remains une 

di 3 p ”Li c z r:::::-t*^ ” 

of the minimum, but the fluctuations of the in- 

■ the vear of the maximum the seasonal fluctuate 
from Table 26 that m the year 

tensity of the currents likewise in t the following con- 

• • *1! that has been said in the present Chapter, 

Summarizing all that n , t h e D + and S D vari- 

elusions nw be drawn: the seasonal and 11 -year »“■ “ ^JLie. and for 

— ■ which diTIer in character “dergone by the system 

different elements, find their expl fluc tuations of 

- electric current, -sponsible Tor = J olo.ely - all. 

the D at currents follow the 11-year 
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Points Mark the Position of the Magnetic Observatories. The Coordinate Net 
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with the lag that is characteristic for geophysical phenomena due to corpuscular ra- 

I 

diation. The seasonal march of has the pronounced equinoctial maxima which like¬ 
wise confirm the corpuscular nature of the phenomenon, amplitude and also have an 
annual march of small amplitude with extreme values at the epoch of the solstices. 
This second annual wave likewise may be explained within the frame of the corpuscular 
theory, if we bear in mind that it i3 not only the heliographic latitude of the earth 
that varies during the course of the year (Corti effect) but also the angle between 

l 

the magnetic axis of the earth and the line sun-earth. As stated by Bartels, the 
variation of this angle during the course of the year changes the direction and mag¬ 
nitude of the field on which the charged particles coming from the sun impinge and, 

I 

Consequently, also modifies the conditions of the course of the disturbances. The 
11-year and seasonal variations of the currents of the S D variations are much more 
complex. The correlation between the 11-year fluctuations of solar activity and the 
intensity of the Sq currents is not so close, and is different for the middle- 
latitude and polar currents. It would seem that the fluctuations of the currents 
are not due only to fluctuations in the intensity of the corpuscular radiation, but 
also to the condition of the upper layers of the atmosphere. This latter differs in 
different latitudes, depends on the solar radiation of both types (photon and cor¬ 
puscular), and obeys its own more complex regularities. 
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CHAPTER VIII 


MORPHOLOGY OF THE DISTURBED IONOSPHERE AND THE CURRENT SYSTEMS 

OF MAGNETIC STORMS 


Section 1. Ionospheric Disturbances 


In the preceding Chapters we have described the calculation of the^ electric 
currents corresponding to the external part of the field of magnetic storms, and we 
have discussed the properties and peculiarities of these currents. But since we 
used only geomagnetic data in studying thaes currents, many questions still remained 
obscure: the distance of these currents from the surface of the earth, the actual 
physical conditions in the medium in which, as we postulate, the currents are locat¬ 
ed; whether the current layer can be identified with one ionospheric layer or anoth¬ 
er; and so on. We have seen in Chapter I that the discussion of these questions in 
the literature is only beginning. In order to give answers, though only provisional 
ones, to these questions, it is necessary to formulate an idea as to the variations 
that take place in the ionosphere during the time of magnetic disturbances. In the 
present Section we shall briefly set forth certain information of the morphology of 
ionospheric disturbances, taken from literature sources, and other data obtained as 
a result of the work up of the data from a number of ionospheric stations. 

( The first investigators of ionospheric disturbances were Bulatov, Berkner and 
Wells and Seaton (Bibl.3, 40) whose works give a detailed description of magnetic 
storms from observations at Tomsk, and in South America and Great Britain. The- au- 
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thors noted the basic features of the behavior of the disturbed ionosphere: the low-— 
ering of the critical frequencies of the Fg layer and the increase in its heights, 
the appearance of a sporadic layer at the level of the E layer, the fused and scat¬ 
tered reflections, indicating the inhomogeneous, cloudlike structure of theiono- 
• sphere, and the increase of absorption. These features were further confirmed by a 
number of works of Soviet and foreigh authors, and a description of them may be found 
in modern surveys of ionospheric physics (Bibl.l, 2). One of the latest works devo¬ 
ted to the description of the individual disturbances is the paper by Burkhard (Bibl, 
39) on the magnetic ionospheric storm of 15 March 1948. The data of about 30 iono¬ 
spheric observatories were available to Burkhard, who calculated the value for each 

£0 Z _ £OZ 

n a 

observatory of A =- where f u * critical frequency of F 5 layer on day of 

n 

storm and f^ - corresponding value for a normal day. The latitudinal distribution 
of A discloses obviously decreased values of f^Fp in the high latitudes and increas¬ 
ed values in latitudes near the equator. The dispersion of values is relatively 
small, which forces us to accept, without doubt, the relation found. A work by Yu. 

D.Kalinin (Bibl.22) is also devoted to the morphology of an ionospheric disturbance. 

To elucidate the regularities of the behavior of the ionospheric layers, he used 
statistical methods common to the methods used in geomagnetism. He studied the D g ^ 
and Sq variations of the critical frequencies and the heights of the ionospheric lay¬ 
ers for two ionospheric observatories, Leningrad and Tomsk. An analysis of the ma¬ 
terial showed that the parameters of the E layer remained in fact normal during the 
time of magnetic disturbances. This conclusion is in full agreement with the well 
known fact that usually, in the middle latitudes, the disturbance affects only the 
F region and only in the strongest storms does the disturbance penetrate down to the 
underlying layers and disturb their structure. In the variations of height of the 
F 2 layer and particularly of the critical frequencies of that layer, a regular part 
could be detected. The D gt variations of f^? are characterized by an increased in- 
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followed by a decrease in the subsequent 
dex of f°F 2 in the first hours of a storm, fo 

2 ... , fOp differ for the winter and summer 

The S variations of f * 2 011181 

hours of the storm. D . consid eration of the materials 

not the same at Tomsk and Ianingrad. A considerable 
months and are ^ ^ circum3ta nces, inadequate for any Judg- 

for two years for two sta ons , ^ ^ ^ tha ge0 graphic incidence 

« » 20 30 _W of the disturbed variations, or even 

a3 to how much the variations change 
from year to year. Nevertheless the 
work has shown that statistical meth¬ 
ods are fully applicable to the study 
10,9me of the ionosphere of ionospheric 

disturbance. 

Analogous results have been pub¬ 
lished by Appleton and Piggott (Blbl. 

36 ) in 195° on the q ue 3 t i° n t ' ie 

correlation between magnetic and 

ionospheric disturbances. After 

Fig. 39 - D st Variations of the Critical working up the data on the F 2 layer 

Frequencies of the F 2 Layer of a nUJn b e r of observatories located 

a) Alaska; b) Slough; c) Hobart; afc di ff ere nt latitudes, the authors 

d) Watheroo; e) Brisbane; f) Huan- conC i u ded that in the middle latitud- 

cayo; g) 0.5 me; h) Hours eg ionospheric disturbance usually 

. rin _ a few first hours of the magnetic storm an in¬ 
take the following course: during 

• r the F layer ia observed. This is the posi- 
crease in the critical frequencies of the F 2 

, , afterwards by the negative phase, in which the 

tive phase, which is replaced afterwaros y 

crease oT ^ in absolute value considerably exceeds its increase during 

phase. The native phase lasts considerably longer than the positive phase Th 

^ . , dra^pinp out to a few days, as 

. it. p lover is slow, araggxng, 

return to the normal state of the 2 y 

169 
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d) Watheroo; e) Brisbane; f) Huan- 
cayo; g) 0.5 me; h) Hours 
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occurs with the phase of restoration of the D„ t variations of the magnetic field. . - 
The negative values of f°F 2 are observed during the entire magnetic storm. In the 
high latitudes, on the contrary, the ionospheric disturbances as a rule have only a 
negative phase, commencing immediately together with the magnetic disturbance. The 
negative disturbances of the f% of the high latitudes differ substantially fro. the 
negative phase of the middle-latitude disturbances. But it is precisely the restore- 

-i , . - .. p i aver after the polar disturbance that occurs very 

tion of the normal state of the F 2 layer alter tn P 

rapidly, without a long drawn-out period of after-effect. This fact, it seen* to us, 
is responsible for the negative disturbances in the F 2 layer that accompany polar 
geomagnetic storms. There are indications in the literature that by now the D st and 
S„ variations of f°F 2 have been calculated for many ionospheric observatoraes, but 
more detailed data on the results of such calculations are not available to us.. 

The papers devoted to the variation of the critical frequencies and the heights of 
the regular layers during the time of a disturbance have been enumerated above. In 

tigations with respect to special types of disturbances (for example sudden aono- 
spheric disturbances due to outbursts of ultraviolet radiation), formation of addi¬ 
tional layers at various heights during st«-, the correlation of E sporadic with 
the degree of magnetic disturbance, the nonuniformity of the ionosphere, etc. In 
view of our basic object, to elucidate the ionospheric conditions of a typical mag- 
' „.tic storm, these studies are of less interest for us. Indeed, the existence of an 
E layer of corpuscular origin, related to and correlated with the degree of magnet- 
U disturbance, is very probable. However, in the middle latitudes, an a large num¬ 
ber of cases, % is observed with a completely quiet field, and Eg is often absent 
during a storm. There is therefore no reason to consider that its formation leads 

. This question is also considered in the papers by Martin, Louis Waldo, and Apple- 
ton and Martin, published before the completion of the present -orb (cf.Proc. Roy. 

Soc. and Journ. Atm. Terr. Phys., 1952 and 1953)* 
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to the formation of the electric currents responsible for the regular parts of the... 


field of magnetic storms. 

This applies to an even greater extent to the appearance of additional high lay- 

0 12 24 hour; ers during the time of a disturbance. Addi— 

f F2 r\ tional and sporadic layers at the level of 

\ / the F 2 layer and above it are not invariably 

\ I observed during the time of magnetic distur- 

(65‘m) ° \ A | bances, and it is not probable that they are 

\ I \J connected with the regularly originating cur- 

/ \ rent3. 

b) / \ 

(52‘m) _\_ y j o,'j mc 0n analyzing similarly the other mani- 

0 festations of an ionospheric disturbance, it 

0 / \ may be concluded that the regular parts of 

^ 0 - • the field of a magnetic storm are most like- 

130 5) 0 jy to b e related to such processes in the 

g') i ionosphere as variations of density or circu- 

(2V$) \ I 

lations of large scale. Starting out from 
f) 0 - these considerations, in the present survey 

(trs) 

we have touched only on a few investigations 

Fig.40 - S n Variations of the Crit- 

. devoted to the consideration of precisely 

ical Frequencies of the F 2 Layer 

these questions. 

a) Alaska; b) Slough; c) Hobart; , . , . 

The additional statistical treatment of 

d) Watheroo; e) Brisbane; 

the ionospheric data performed by us leads 

f) Huancayo; g) Hours; h) 0.5 me . „ . , 

to the following results (Figs.39 and 40): 

1. The D s t variations of f°F 2 have a two-phase character at all latitudes: in 

the high and middle latitudes, the first phase is positive and the second negative. 

In the low and equatorial latitudes, on the contrary, the first phase is negative 

and the second positive. Thus the geographic distribution of the D gt variations of 


d) 0 

(30‘S) 0 -- 

e) f 

(2 **5) \J 

f ) o 
(trs) 

Fig.40 - S Q Variations of the Crit¬ 
ical Frequencies of the F 2 Layer 
a) Alaska; b) Slough; c) Hobart; 
d) Watheroo; e) Brisbane; 
f) Huancayo; g) Hours; h) 0.5 me 
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the magnetic field and f°F 2 do not resemble each other. 

2. The S Q variations of f°F 2 vary strongly, depending on the season and on the 
level of solar activity. Nevertheless certain regularities in the geographic distri¬ 
bution of S D can be established: the amplitude of S D f°F 2 is smallest in the equato- 
ri&l regions and greatest in the polar latitudes; the time of the extreme values 
likewise varies with the latitude: in the low latitudes the minimum is observed in 
the forenoon hours, and the maximum in the afternoon hours, while in the high lati¬ 
tudes, on the contrary, the minimum occurs in the second half of the day and the max¬ 
imum in the first half. It iollows from this that the geographic distribution of 
®D^^*2 is analogous to that of the Sq variations of the magnetic elements, 

3. The D g £ and Sp variations of f*"^ are considerably less regular than the 
corresponding variations of the magnetic elements. 

No regular disturbed variations of the E layer are detected, either at low lati- 

I 

tudes or in the polar regions. 

Section 2. Conductivity of the Ionospheric E and F Layers , and the Dynamo Effects 




As we have seen in the preceding paragraph, the density of ionization of the F 2 
layer undergoes variations during the time of a disturbance, depending on the storm¬ 
time (D gt variations) and on the time of day (S D variations). Our task is to eluci¬ 
date the question whether these variations can cause the rise of the electric cur¬ 
rents responsible for the D gt and S D variations of the geomagnetic field. In order 
to compare the quantitative characteristics of the ionosphere (for example the den¬ 
sity of ionization or the velocity of motion) with the intensity and configuration 
of the electric currents, it is necessary to have some working hypothesis about the 
mechanism of excitation of these currents. The hypotheses in the literature as to 
the causes for the origin of the currents of magnetic disturbances may be divided in¬ 
to two main groups. The first of these groups includes the hypotheses related to 
the assumption of the deep penetration of solar corpuscles into the earth atmosphere 
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, , lwor) . As we have already shown, this hypoth,.!.'. 

•(to the level of the F reg on ghould be no 

V wonflrmed by auroral spectroacopy, and thus there 
has recently been conf of th> lono _ 

... „ nf corpuscles dovm to the very ____ 

d0 ubt of the pens ™ lhe que3 tion as to the penetration of corpuscles 

sphere In the polar at ^ ^ remln5 unsolved. Fcbersley (Blbl. 

lnt ° ^ ^“ 39) and a n-er of other authors consider It possible that the 
«), Burkhard (Blbl. 3 9), ^ ^ by the dlrert actio „ of the cor-~ 

corpuscles ^ ^ ^ iono3phe re and the magnetic field 

puscles, those variations that a 

or the earth during the «- of * 30meuhat deeper into the atl 

According to Eckersley, ^ ^ eleotro3talic field thereby formed Is 

.sphere than th el c rone ^ ^ ^ ^n of the elec,- 

the prime cause of tne arn . here to 

.ble for magnetic storms. Without making it my task 
trie currents responsible for g electric 

. - Kckersley's work, I may say that an eieccr 

- oriHcal discussion of EcKersiey 

give a complete , 3 +he corpuscles 

vertical field should In my opinion prevent th, further invasion t - 

into the atmosphere, and thus, the process of a disturbance, as soon 

should at once thereafter die out, without leading to the formats of 

^ Hi, to Burkhard, the entrance of cobles Into the sphere leads. In 

some _ (the author does not specify precisely In what ~^^ 

f ionisation but to its decrease. The corpuscles emitted by 
crease of lomsati lati tudes and reduce the ionisa- 

a f ..i. i-he earth atmosphere at all ia 

q „iet periods penetrate „ dis turbances, 

, ,. . laver due to ultraviolet radiation. During 

tion of th. F 2 layer qar tioles are collected 

the parameters of the particles vary in such a way that 

of the earth, without reaching the low latitudes. c ... 
toward the polar regions idnlsa tion in the 

ingly, there is a particularly strong decrease in 

hi h latitudes, while in the low latitude there is an increase, connect, with . 

> disappearance of the negative corpuscular effect. We have cited Burkes reason- 
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ing in order to show to what absurd conclusions the speculative idea of the deioniz- 
ing action of the corpuscular stream, developed without any connection with experi¬ 
mental data, can lead. Not only is the course of the arguments of Eckersley and 
Burkhard erroneous, in our opinion, but the very penetration of particles into the 
lower latitudes would appear to be contradicted by a number of facts. First, the geo¬ 
graphic distribution of the aurora is such that, at relatively low latitudes, (i]> = 

= 30 - 40°), it is observed only during exceptionally strong magnetic storms, while 
the ordinary moderate and great magnetic storms are accompanied by a shift of the 

I 

isochasms by only 5-6° toward lower latitudes, from their mean position (<J-q = 67°)-. : . 
The calculation of the paths of the particles in the magnetic field and the determin¬ 
ation of the zone of their penetration into the ionosphere that have been made by a 
number of authors, with various objects in view (Stdrmer, Bugoslavskiy, Vallarta, 
Alfven, Martin, and others) are likewise all in agreement that the approach of par¬ 
ticles to the earth in the low latitudes is impossible if the velocity of the parti¬ 
cles is less than the velocity of light (for instance about 1000 km/sec). It goes 
without saying that particularly great active formations on the solar surface emit 
corpuscles at high velocities (about 3000 km/sec and perhaps even higher) which are 
little deflected by the magnetic field, and produce the aurora in the middle lati¬ 
tudes, while the intensifying the ionization in the high layers of the ionosphere or 
the (more energetic) lower layers of the ionosphere (cf. work of N.V.Mednikova 
(Bibl.24)). But such powerful processes are relatively rare, and consequently, we 
should not take them as a basis for discussing the possible mechanism of excitation 
of the electric currents of the regular variations, flowing around the earth during 
moderate and small magnetic storms. 

The following argument against the approach of the corpuscles to the earth sur¬ 
face is provided by the morphology of the magnetic disturbances. The great but 
smooth deviations from the normal values in the march of the magnetic elements, and 
the absence of a local character in the course of storms in the equatorial latitudes, 
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all speak for the view that the fluctuations of the magnetic field are due to stable 
current systems encompassing the earth as a whole, which are not disturbed by the in¬ 
vasion of streams of charged particles. 

It follows from this that it is more advisable to assume that the middle- 
latitude parts of the currents of the magnetic variations are excited in' the iono¬ 
sphere, if they can be referred to the height of the ionosphere at all, without di¬ 
rect entrance of additional charges into the ionospheric layers.* The authors of the 
works placed by us in the second group share this viewpoint. In Chapter I we have 
already mentioned the investigators (Yu.D.Kalinin, S.iv.Matsushita,Khiroyama) who have 
attempted to explain the currents of magnetic storms by a dynamo effect in the iono-> 
sphere. In addition, the thought has been expressed that with the existence of an 
external extra-ionospheric primary field varying with time, the currents in the iono¬ 
sphere would he excited owing to electromagnetic induction, and would make their con¬ 
tribution to the observed disturbance field. These thoughts have been developed in 
the paper by Ashour and Price (Bibl.37), and in certain papers by Sugiura (Bibl. 55 ). 
But the dynamo and induction effects are not the only methods for the excitation of 
currents. It is well known that the excitation of currents in an ionized gas by the 
combined action of two fields of force on the particles (magnetic and gravitational 
fields, or magnetic and electric fields) is also possible. The current so excited 
(drift current) has been used to explain the S q variations and the regular field of 
the sun. A number of considerations, which we shall present below, compels us to 
consider the drift also as a possible cause of the formation of the currents of mag- 

i 

netic disturbances. It is to the discussion of the dynamo, drift and induction me- 

* The literature sometimes gives as an argument for the penetration of corpuscles 
into the ionosphere the so-called "geomagnetic effects" in the F 2 layer (the depend¬ 
ence of ionization density on the geomagnetic latitude, etc). But it would appear 
to be more plausible to explain these effects by the redistribution of the charges 
already in the layer under the action of the earth magnetic field. 
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chaniams „r excitation of ionospheric currant, that thi, and th, following Section,' ‘ 
of the present will be devoted. 

The queation of the excitation of electric current, in plas»a and of the evalua¬ 
tion of its conductivity has been diacuaaed with great vigor i„ the literature of re¬ 
cent years. Th. works of Pedersen, Tamm, Cowling at al (Bibl.23, show that the 
value of the conductivity of an ionised gas depends substantially on the magnitude 
and direction of the magnetic and electric field, acting on the particles, on the 
length of the free path, and on the parameters of the particles; the motion of the 
particles in th. plasma will be completely different from that in the case of a rare¬ 
fied gas, the interaction between whose particles may be neglected, and which has 
been considered in their time by Stdrmer and Chapman. In the works of Tamm and Cow¬ 
ing, the conductivity of an ionised gas is considered specially in its application 
bo the earth atmosphere. Tamm assumes th. ionosphere to be completely ionised and 
give, approximate expression, for th. conductivity, one of which expressions is true 
for region, of short free path, and th. other for regions of long paths. Cowling 
consider, the ionosphere as a ternary gas composed of electrons, positive ions, and 
neutral molecules, and obtains more general expression, for its conductivity. It is 
not hard however, to show that the conclusions of Tamm and Cowling do not contradict 
each other. If the charged particle, of th. plasma are under th. action of a mag¬ 
netic field (H), an electric field (E) and a gravitational field (acceleration of 
gravity ?) and, is also undergoing motion of translation under th. action of certain 
other forces, at the velocity if, then according to Tamm, th. density of the current 
formed by the translation of particles of one kind will be: 

y=eA, { S + Wi ?+ ^( 5 +rai-¥^-ivr)} r»l, (1) 

+ Mj(£+ [wff])— grad(*7W)} //J r<^k. ^ 

Here the density of th. given gas (N) and the temperature (T) are not assumed 
to be uniform, r is the radius of vortex motion of the particles about the lines of 
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:force of the magnetic field, and X - free path of the particles. The component of __ 
density of the current parallel to it in the field of the long free paths (r « X) is - 
likewise described by eq.(l). If we have a binary gas (n + ~ n_ - N), then, from 
eq.(l), neglecting the temperature gradient and density gradient, we get 

y 1 = o 0 (£-flw/y]) r»X, 

where 

2 t*N / A + , X_ s Ne'\ + ( JV«*A_ Ne* , Ne ( 4 ) 

°° ~ 3 VTZkT l + V JfT / — ~ *+*+ *31 

is the conductivity of the gas in the absence of a magnetic field. Here v ** kinetic 
velocity of molecules, and v « number of collisions per second (^ v ■ v). The cur¬ 
rent described by eqs.(3) and (4) is the dynamo current used by Schuster and Chapman 
to explain the variations. 

According to Cowling, in an ionized gas under the action of the crossed, mutual¬ 
ly perpendicular electric and magnetic fields E'andlT, an electric current of den- 


/=o\e , + 


liS.Ji HU 


is excited, where E* must be understood a3 meaning not only the proper electrostatic 
field E of some external origin, but also the electric field arising as a result of 
the motion of the mass of gas in the field H at velocity w, that is 


E ' = E+\wH\, 


and, consequently. 


y = a' (£ 4 -[a)/y])+o» +7/w). 


The first term in the expression for j denotes the Schuster-Chapman dynamo ef¬ 
fect, while the second indicates the formation of a current in the direction of the 
velocity of motion of the gas w, or in a direction perpendicular to the crossed mag- 


F-TS-8974/V 


roved for Rel 




6028201 











C06028201 


roved for Rel 




06028201 


netie and: electric field,. The expression o*, according to Cowling, 1, equal to 


' o' = T+<»*/*’ 

.. u _ v -ll and u = angular velocity of procession of the 
where T =i time of free path (t - v )> 

particle (w - 5J- , vj_ - rw). It i. Wantioal with the expression for the conductiv¬ 
ity of a gas in a direction perpendicular to the magnetic field, introduced into the 

literature by Pedersen: 

_oq>*_ (8*) 

3 J_ >1 

v 1 o 

For a region of abort free path, ( j ' — « 1 ) neglecting the value of w , 

we have a, i, put in the Tamm equation,. The conductivity o» is h.termin- 

ed by the expression 




1 


In the field of short free paths, 


Consequently, Tamm did not make a large error by neglecting the current in the 
direction of 3 (or perpendicular to H and E) for this region. In the region of long 

free path3 (v/<*j4Cl) 

3 ‘ 0 =°o- (H) 

o 1 Co" <«« 

and, consequently, the current in the direction of S is considerably greater than 
the current in the direction of f. It is therefor, entirely natural that in the ap¬ 
proximate equation of Tamm, out of the terms describing the dependence of the cur¬ 
rent' on H and E, only the term it [(E ♦ [Sill I Tl] should be retained. 

The scaler Coefficient it "is the same a, the coef f icient -2_ in eq.(5). 


In fact y 


0 u N e t v _ Ne* m _ N* 

= ^ H*~~ m H eH H * 
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Thus sqs.(l) and (2) of Tarn, and oq.(5) of Cowling do not contradict each other’. - 
Let us see now to what extent the identification of this or that ionospheric 
layer with the region of long or short free paths is correct. The angular y 

of motion of a particle (<o . fl!) depends only on the parameters of this particle and 
the magnitude of the magnetic field, neglecting the variation of the earth magnetic 
field with height for the region of the ionosphere, we find that for all ionospheric 
layers the velocity of an electron 5 a 10 6 and the velocity of an ionised oxygen 

molecule u,. - 10 2 . The number of collisions in the ionosphere has been repeatedly 
determined from the experimental data on the absorption (Bibl.l), and has also been 
calculated by the formulas (Bibl.ll): 

+m~*ir N m* 

— tttV ln (°- 37 (12) 

v ' = - 6n . ~— a'NmV 

HI o 

Here ,• denotes the frequency of collision of electrons with neutral molecules, 
„J with positive ions, the number of collisions of ions with molecules, and vj 
of ions with ions; a - effective diameter of a particle (for air the value „a -7* 
x 10- 16 is usually taken); 5 - kinetic velocity of the particles. The collisions of 
electron with electron and ion with ion with the sgme sign may be neglected in eval¬ 
uating the total number of collisions, and therefore the term v> will have a sub¬ 
stantial value only in those regions where there is a sufficient number of both posi¬ 
tive and negative ions. Radio methods enable us to determine directly only the ef¬ 
fective ionisation density N, r , while the actual number of charged particles 
N . „ , J!i. remains unknown. But a number of supplementary considerations (the 

magneto-ionic splitting of a deflected radio si^al.etc) allow us to Judge the ratio 

4 ^ fha laver 1 =-!L. There is no doubt today 

between electrons and negative ions in the layer 1 ^ 
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that the conductivity of the F 2 and F x layers is due primarily to electrons (n_ < n )._ 

It is also probable that, in the E layer as well, the conductivity is determined 

mainly by the electrons, since in the D layer the number of free electrons is in all 

probability small. The first columns of Table 27 give the values of N ef adopted in 

the modern literature for all layers, together with the possible values of l j the 

following columns give the values of n e , n_, n + and the most probable values of r^, 

all calculated on the basis of N 0f and l. Columns 7-12 give the values of Vc ... 

• in 

v i calculated by eq # (l2), as well as the total number of collisions for particles 

of a given kind, v e or v l . Column 13 gives the value of v determined from experi¬ 
mental data. It will be seen from the tables that in the D layer, the total number 
of collisions is determined by the collision of charged particles with neutral par¬ 
ticles, and none of the three assumptions as to the value of l contradicts the order 
of the observbd v ef . For the E and F-^ layers, as will be seen from the table, the 
data on v e f agree only with the assumption l = 0, that is, with absence of any sub¬ 
stantial number of negative ions. The value of n m for the F 2 layer is determined 
only indirectly, namely on the basis of the number of collisions. For an ionization 
density of the order of 10^ ions/cm 3 and the assumption that ionization in the layer 
is due to electrons and positive ions (1 = 0), this number of collisions corresponds 
to the effective number of collisions between electrons and ions (cf.Table k, p.97, 
of the Ginzburg monograph Bibl.ll). About the same number of collisions takes place 
for electrons and neutral molecules, if the molecular density n m ^ 10 11 . From this 
it is concluded that the number of neutral molecules in the F 2 layer does not exceed 
10 3- molecules/cm 3 . It is true that the literature also contains hypotheses of the 
complete ionization of the ? 2 layer,. particularly in the daytime. 

The data of Table 27 show that the D layer is a region of short paths of both 
ions and electrons, that the E layer is a region of short paths for the ions and 
long ones for the electrons, and that the F.,^ and F 2 layers are a region of long free 
paths for particles of both kinds. The conductivity which determines the dynamo 
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'effect has the smallest value in the D layer and rises for the higher layers just as 
the conductivity o 11 does. In the D layer o 11 <K ° I , while in the overlying layers 
o 1 and o 11 are of comparable value, and a 11 is even somewhat greater than a*. Evalu¬ 
ating the integral conductivity of the R region. Cowling shows that it is possible 
that the conductivity of this region is considerably less, since the presence of cur¬ 
rent in the magnetic field leads to the excitation of ponderoinotive forces [wH] which 
retard the further motion of the charged particles, that is, it is as though they de¬ 
creased the value of the conductivity. Thus the current that arises should be damped 

after the time— P (where P is the density of the mass), which amounts to 45 days 

a 1 il 

for the E layer, 3^ hours for the F-^ layer and 20 min for the F 2 layer. The damping 
of the currents does not occur if the particles are under the constant action of a 
force, that is, if the motion of the particles is accelerated, or if under the ac¬ 
tion of the magnetic field a polarization of the gas occurs, neutralizing the retard¬ 
ing force [wH], or if currents screening the internal parts of the volume from the 
action of the magnetic field are induced on the surface of the moving mass of gas. 

In accordance with the above. Cowling considers that the conductivity* of the 
F 2 layer in reality does not exceed n* = e x 10~9, and that the conductivity of the 
E layer is practically constant (for instance, = 10" ^ for 1 *= 25). Cowling con¬ 
cludes from this that the total conductivity of the entire ionosphere must be within 
the range from 10 to 10 and must be due primarily to the charged particles of 
the E layer. 

The values of j o* dh given in Table 27 force us to apply the following correc¬ 
tions. Since the more probable value of the conductivity for the E layer would seem 
to be j tr 1 dh = 10'^, then the integral conductivity of the entire ionosphere, caus- 

r\ 

ing the dynamo effect, is probably not more than 10 , while both layers of E and F 

* Under the condition that the motion takes place under the action of tidal forces. 
From what has been said it follows that the conductivity differs for different kinds 
of motion of the gas. 
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• p 03S ibly yield equal contributions to the value of the conductivity. The conclusions 

f 

drawn as to the conductivity of the E and F layers are based on the values of the 
ionization density for a normal day. On a disturbed day, however, (cf.Chapter II), 
the order of magnitude of the ionization density remains the same and, consequently, 
the order, of magnitude of the conductivity should likewise not differ markedly from 
that of a normal day.* 

It follows from Chapter III and VII of the present work that the D at variations 

i 

of the geomagnetic field may cause ionospheric currents flowing westward along the 
parallels of latitude and having a density of about 3 * CCS in a year of moder¬ 

ate solar' activity. If these currents are attributed to the action of the dynamo 
effect, then it would be necessary to assume the presence in the ionosphere of a sta¬ 
ble wind of meridional direction with a speed of the order of 


w _ 3 x 1 P _ . = 10 D CM/sec. = l Km/sec.. 
0,3 X 10 -9 


* After the present work had been completed, I learned of the paper by J.K.Csada, 
Acta Phys. Acad. Sc.Hungaricae I (3) 235 - 246, 1952, which considers the variation 
of the electromagnetic parameters of a gas under the influence of turbulent proces¬ 
ses. It is shown that the local magnetic field formed in presence of turbulence 
lead to an increase of magnetic permeability and to a decrease of the electric con¬ 
ductivity of the gas. The turbulent processes occurring in stellar atmospheres may, 
according to Csada«s calculations, reduce the conductivity of the atmospheric gas 
by several orders of magnitude. During magneto-ionospheric disturbances, it is gen¬ 
erally known that turbulent processes also develop in the ionosphere. However, as 
shown by rough preliminary calculations, owing to the low temperature and the low 
degree of ionization of the ionosphere of the earth, the turbulent processes in it 
cannot lead to such great changes of the electromagnetic parameters as occur in stel¬ 
lar atmospheres. 
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A number of experiment, in repent year, (cf.Bibl.2, 3, end 27) indicate the ex¬ 
igence of horizontal movement, of the cloJds in the ionoaphere in both it, lower 
layer, and the F 2 layers. In most cases, however, the author, give lower value, for 
the velocities. Thus, according to the data of Australian stations, a systematic dis¬ 
placement of cloud, in the F 2 layer, having a meridional direction and a velocity of 
eo - i,00 m/,ec, ha, been found. Observation, at Slough have shown displacement from 
time to time, of the F 2 layer a, a whole (or of part, of it) at velocities of 120 
m/,ec in east-west direction. Velocities of the order of one kilometer a second are 
noted considerably less often. Thus, for example, from the observations in Austral¬ 
ia the usual rates of motion of the clouds of the F 2 layer (of the order of A0O - 
500 m/sec) increase, sometimes to 1800 m/sec, during magnetic storms. It would thus 
appear that the dynamo-excitation of the D st current, requires somewhat higher rates 
of motion in the ionosphere than those usually observed. A still more weighty argu¬ 
ment against the dynamo hypothesis of the D,„ variations is the configuration of the 
current system, which is a latitudinal distribution of the current lines from east¬ 
ward during the first phase of the storm and westward during the second stage. To 
explain such a form it would be necessary for the D, t variations of conductivity 
(and, consequently, of the critical frequency of the F 2 layer) to be of a very regu¬ 
lar character, which would be the same over the entire earth, with an increase of 
fOp i„ the first phase of a storm and a decrease in the second phase. However, as 
will be seen from Chapter II of the present work, the D, t variations of f°F 2 only 
have such a form in the middle latitudes, while in the low latitudes, their form, on 
the contrary, is negative in the first phase of the storm and positive in the second 
phase. The irregularity and instability of the D„ t variations of f°F 2 , which is 
particularly striking on a comparison with the D„ t variations of the magnetic field, 
compels the definitive recognition of the impossibility of explaining the latter by 
the dynamo currents flowing in the F 2 layer of the ionosphere. These same consider¬ 
ations a, to the dissimilarity of the D st variations of f°F 2 and of the magnetic 

F-TS-8974/V 183 


roved for Rel 




6028201 










C06028201 


roved for Rel 





Table 27 





«xio* 


2X10* 


ijxio* 


10 *— 10 * 


10 *— 10 » 


2X10* 10* 


1 1,5X10* 7,5X10* 7.5X10* 10>» 2X10* 10* 


6X10* 1,5 X 10** 1,5 X 10 l * 


5X10* 


1 2.5X10* 1,2 X 10** 1,2 X 10** 


10» 2 X10* 10* 


4 X 10’ 10* 




10“ 17 1,2 X 10“ w 6 X 10-* 


2,5 X 10 _1 * 


2,5 X 10 -1 * 


10" 17 

io- M 

2X 10* 

2,5 X 10 -1 ® 

2,5 X lO - * 1 

2X 10* 

2,5 X 10 -16 

2.5 X 10 -31 

2X10* 

2,5 X 10— 16 

2,5 X 10 -11 

2X 10* 



4X10 _m 10 —17 2,4 X10- 14 1,5 XIO" 14 2X10" 14 7.5X10* 


7,5 X 10* 


3 X 10 -1 * I 2 X 10 _,# 1 X 10 _,s 3 X 10~ M 


1^X10’ 


Note. In this Table the values of N ef , n, and vare given in I/™ * 6 111 the CGS “ 

system, and y in cm, while 1 and are dimensionless quantities. 

• m v 
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10 * 


10 * 


10 * 


10 * 


10T 


5 X 10 7 


2X 10 s 


•»x io» 


I X 10« 


2X10* 


^xio* 


5X10* 


5X10* 


IXIO* 


8 X 10* 


6X10* 


6X 10* 


6X 10* 


6X10* 


6X 10* 


PHIM 





10* 4X10* 1.7 6,2X10^ U 


10»-10« 5 X10* | 3 - 3 8X10 


J a \dh 


2,0 X 10 -n 


5 X IO~ 10 


5 X 10 -10 


6,0 X 10" 9 3X10"' 5 X 10 -10 


•/ °l dfl 


2,4 X 10 -12 


1,0 X 10 -13 


J ■> 


1,2 X 10 -13 


5 X 10 -16 



Jo'/rfA 


2 X 10 _,< 


5 X 10 -16 


5 X 10 -15 


5 X 10“ ,s 


J o'rfA 


2 X 10 -11 


6 


5 X lO -10 


6 X lO -3 





1 X 10 -13 


5 X 10 -, ‘ 


5 


sxio-* 



7,5 X 10 -n 

| 2 X 10 -7 

1 X 10 -7 

1,5 X10- 7 

10~ 7 

lO" 7 



3 X 10 —9 1.5XI0-® 4,5 XIO -7 1.5X 10 8 4 X 10 7 | 10 
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field also force us to abandon other possible mechanisms of excitation of the iono¬ 
spheric currents, although these, too, may not lead to any quantitative contradic- 

l 

tions with respect to conductivity or motion in the ionosphere. 

Let us consider in greater detail the possibility of current originating in the 
'ionosphere in the direction of motion of the gaseous masses. It follows from Table 
27 that the conductivity f o 1 * dh of the F 2 layer in the direction of motion is one 
order of magnitude greater than the conductivity j o 1 dh. Moreover, in the case of 
the formation of a current in the direction of motion of the retarding mechanical 
force oil H 2 *, which arises as a result of the motion of charged particles in a direc- 
~ tion transverse to the magnetic field, would cause not a decrease in conductivity as 
with Cowling's examination of the dynamo effect, but the excitation of a Hall cur¬ 
rent of perpendicular direction. Thus the value of the conductivity /o 11 dh in the 
F 2 layer would hardly be much less than 10' 9 , and, consequently, if there are any 
displacements of ionized masses or winds in the layer, they would lead to the exci¬ 
tation of currents of relatively high intensity in the direction of these motions. 

It follows from eq.(7) that to explain the D flt variations, very low velocities would 

% 

-be sufficient: 

3 X 10 -5 ^ , , 

tr= — ---= l M/ceK. 

0,3 X 10“ 8 7 

The presence of such small motions in a latitudinal direction would appear not 
to be in contradiction with the empirical data. Nevertheless, as we have already 
pointed out, it would hardly be possible to explain the origin of the D g £ currents 
in this way, since the fluctuations in the ionization density of the F^ layer during 
storms does not satisfy the necessary requirements. 

The density of the drift current produced by the combined action of a magnetic 
field and, for instance, of the gravitational field, on the charges, in exactly the 
same way should be proportional to the ionization density (for further details see 
below), and, consequently, the drift currents which have been repeatedly used by in- 
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‘vestigators to explain the disturbances (Hulburt, Eckersley) are likewise unabie to 
explain the regular character of the D gt variations of the magnetic field. Thus a 
consideration of the D gt variations of the ionospheric parameters and a survey of the 
possible mechanisms of excitation of currents forces us to consider that the most 
plausible explanation of the D gt variations of the magnetic field would be an extra- 
ionospheric ring current. The great radius of the ring by comparison with the iono¬ 
sphere (3 - 4 R according to our calculations) well explains the regularity and the 
absence of local anomalies in the D gt variations, which are very difficult to ex¬ 
plain if the distance between the earth and the current-carrying iayer is assumed to 

be short. 

Section 3. Explanation of the S D Variations of the Magn etic Field by Drift Currents 

In the brief survey of the literature presented in Chapter I we stated that the 
S Q variations of the magnetic field might be explained either by means of an extra- 
ionospheric ring, assuming it to be elliptic, or by the aid of ionospheric current 
systems. Most of the arguments, however, are in favor of the ionospheric system. 

The S n variations of the parameters of the F„ layer which we have just described 
likewise do not contradict the attribution of the S D currents to the height of the 
? 2 layer. The fundamental facts supporting this point of view, it seems to us, may 
be considered to be the similarity of the geographic distribution and of the 11-year 
fluctuations of the variations of the magnetic field and of the ionization densi¬ 
ty of the F 2 layer. From the example of the D gt variations that we have discussed 
we have seen that the quantitative relations between the current density necessary 
to explain the magnetic disturbances and the possible values of the conductivity, 
and these relations between that current density and the possible motions in the 
ionosphere, lead to promising results. The current density of the S D variations in 
the temperate latitudes (between * ■= ± 50 °) amounts, in years of moderate magnetic 
activity, to a few units of 10 amp or of 10" 5 CGS. At latitudes * 50 - 6? > the 

« 
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current density is 3 to U tis.ee ae great, that le, it reaches ICT'caS. Thus, to ex¬ 
cite currents of the necessary density in the F 2 layer, the existence of systematic 
displacements of masses at a velocity of several meters a second would be sufficient, 
the direction of the current coinciding, on the whole, with the direction of the wind. 
In the light of experiments disclosing the motion of ionised gases at velocities of 
tens and hundreds of meters a second, the existence of .such small velocities is very 
possible. Moreover it seems to us that arguments may be adduced according to which 
the formation of such storms during magnetic storms would be very plausible from the 
theoretical point of view as well. These arguments are as follows. Since we have 
recognised that the formation of an equatorial ring current is the most probable ex¬ 
planation of the D st variations, the influence of the field of this ring current on 
the electromagnetic processes in the ionosphere must be examined. We have al y 
mentioned one possible effect of the ring current, the electromagnetic induction of 
currents in the ionosphere under the action of the alternating field of the ring. 

As we shall show below (Section 3), this effect could hardly be of major importance 
for the formation of the S„ currents. In this Section we shall turn to a different 
type of the action of the ring on the ionosphere. Since the ionosphere participates 
in the diurnal rotation of the earth about its axis, while the field of the equato¬ 
rial ring may be considered in sun-bound coordinates, as constant or slowly varying, 
it follows that it is necessary to consider the problem of the rotation of a con¬ 
ducting spherical layer in a quasi-constant field U. let us simplify our problem by 
considering, at first, the rotation in the magnetic field H of an individual charged 
particle of mass and charge e. If this particle is bound to the earth (of mas. M) 
by the forces of gravitational attraction, then its motion, in fixed coordinates, 

will be described by the equation 

eRioH mw n , 

where = force of gravitation; mw n = centripetal force; eRoH - Lorentz force 

it 2 

I 
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outing on * charge moving at velocity m* in th. n, and - - initial vaiocity of 

rotation. On introducing a new system of coordinates rotating at velocity A-', 
easy to stow (Bibl.33) that the motion of th. c^rge in th. new system will he as 


follow9: 


mw _ JO™. + eRvH +2/n/?u»Au> + mR (A*)*. 

ft /?" 


If \ is selected such that 

eRiuH 4- 2m/?«Au> -f mR (A«)* = 0 , (15) 

.then it will be found that th. charge will continue to move along its orbit, but 
with a changed velocity e q ual to u . dm. If the motion of our charge were governed 
only by e q .<13>, then the q uantity dm would be fou^ to be so ^eat for an electron 
and an ion that they would practically not participate at all in the diurnal rota¬ 
tion of the earth, but would obey only electromagnetic forces. However, as soon as 
the charge begins to move with respect to earthbound coordinates, it will be under 
the action of the geomagnetic field H 0 , which considerably exceeds th. field of the 
ring H. The resultant motion under the action of the fields H and H„ is described 

by the equation: 

hmM + eR | (lu 4- Au>) H + Au>//„) + 2 mR*to> + mR (A-) 1 = mw„ . (l6) 

By an appropriate choice of Aw, we get 

(17) 

g//u,_|_e//Au>-|-e// 0 Au)-f-2mu>lu)-t-mCAiu)* -0, 
whence, neglecting the small terms, 

H (18) 

** = -?7 

Taking H - 10-3 C GS, H 0 - 0.3 CCS, w - 7 * Hr 5 , we have dw * -3 « 10‘ 3 and the 
linear velocity w„ » 1 - 2 m/s.c, which is the same for charges of both signs. It 
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go cs without saying, - course, that these “ “> ^ . 

t „e collisions between particles -ill disturb the regnlar drift o t parttoles sc 

. tn the low molecular density of the atmos 
westwcrd direction, nevertheless, owing to the low 

, th F level it may be considered that the interaction between the 

Tring and L -in field of the earth will lead to a certain mean displacement^ 

the charges in a latitudinal direction, if this displacement, all the same, should 

„rt it would still be sufficient to prcduce a 

amount to centimeters or meters a second, i wou^d ^ _ a _ 

current of density 10‘ 5 CCS in latitudinal direction. ^ ^ ^ 

• a sitv at the equator and a minimum density at the poles. 

formation of the S D variations could therefore be substantial only in the middle 

— a - —- — ---■ “ - 

„„ .... .. - — •' — —‘ " 

. .. F layer likewise leads us to the formation of an analog- 

drift of particles in the PI, lay . th reEio n of 

t*. follows from eq.(2) that, in the region 

- 7- rrrn—- -—- - 

rrlunccur, provided that the force of gravity per .it -as »* is 

lot balanced completely by the .rtial pressure grad Since, in — 

there is a rule a disturbance of the equilibrium distribution by a barometric 

the ionosphere, the term CO* - C-d k W > 5j -f ^ 

mation of the S q variations. Cowling gives the following expression for the 

of the drift current: 

f patrons P = pressure of gas as a whole, 
Here p e is the partial pressure of electrons, p 

, ^ ^TiTyertl molecular density obsys the barometric law, and whose ionisa 

tion density obeys the Kryuchkov-Chapman law, 
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Here P e » value of P g at level of maximum electron density, while P *= corre¬ 
sponding value of p» 

Integrating .,.(20) over the entire thickn.se of the ionoeph.re, and putting 
P . 2.5 X 10.7 COS, Cowling obtains the result for the equator j - 3 » 1°- 6 CGSM, 
that is, a quantity smaller by on. order of magnitude than what we need to explain 
the disturbance field. But if we bear in ndnd that the actual distribution of molec- 
nlar or electron density may differ strongly from both the Chapman law and the baro¬ 
metric law, then a calculation by eq.(20) leads to other results. At ,th. present 
time experiments do not yield so great a material on vertical motions in the iono¬ 
sphere as we have on horisontal winds, but still it is possible to find certain opin¬ 
ions on this subject in the literature. First of all, investigators have several 
times succeeded in noting a variation in the height of the level reflecting a radio 
signal, deducing such variation from the Doppler shift of the frequency. The veloc¬ 
ity of the displacement so revealed was found to be of the order of meters per sec¬ 
ond. A consideration of the behavior of the active heights of the F 2 layer during 
disturbances shows that H often varies by 100 - 150 km in one or two hours, which 
makes 10 - 20 m/sec* This can also be noted both in the analysis of individual 

we shall not dwell here on the tidal motions of the P 2 layer experimentally found 
and theoretically considered in a number of works by Martin and other authors. The 
existence of horisontal vertical motions connected with tidal effects is today be¬ 
yond all doubt, but it would still seem to be more advisable to correlate them with 
the geomagnetic variation, in discussing the normal diurnal march S q instead of the 

disturbances. 
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• eases and in calc,dating the mean parameters. At the present time we have no oppor¬ 
tunity to establish whether these changes in the height or the reflecting layer con¬ 
stitute actual displacements of air masses or wavelike fluctuations of density. But, 
under either of these assumptions, we should have a deviation of density from the 
barometric equilibrium and, consequently, a drift term that does not vanish in eqs. 

(2) and (19). It is very probable that the disequilibrium is intensified on days of 
magnetic disturbances, when the scattered and diffused reflections and the appear¬ 
ance of additional layers speak for the cloudlike structure and motions in the layer. 
If we assume that the fluctuations with density with height may be by a factor of 
several times (2, 5, 10), then the order of the term gNm - grad kTO is the same as 
the order of g»m. Then, as follows from eq.(2), the density of the drift current. 

10 3 x 3 X to 6 X 5 X 10~ 23 x 10 7 = 5 X 10 -6 CGS 
J = -53 

is half an order of magnitude smaller than the density of the S D currents, 
tor of densities of the drift current must be perpendicular to the magnetic and grav- 
, itational field, that is, directed according to latitude. Thus both the influence 
of the equatorial ring current discussed by us, and that of the drift charges under 
the combined action of the gravitational and magnetic fields, should lead to the for¬ 
mation of currents of latitudinal direction and density 10-5 to 10- fl OGS. Let us 
now consider whether these currents could lead to the formation of the current sys¬ 
tem of the S D variations. The mathematical formulation of the theory of drift cur¬ 
rents of the S q variations proposed in 1920 by Chapman has not been carried to com¬ 
pletion and gives only a qualitative scheme of the formation of the S„ currents, in¬ 
stead of a quantitative calculation, which the dynamo theory does give. Neverthe¬ 
less, this aspect of the work, the possibility of the formation of currents of the 
necessary configuration, has not evoked objections either from Tamm or from critics 
of this theory. I therefore deemed it possible to transfer this qualitative scheme 
' of the formation of the S„ currents to the formation of the S D currents as well. 

I 
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fundamental proposition of Chapas theory of the S q varlatlona 1, as follow,, 
the interaction of the gravitational and magnetic field, lead, to the formation of a 
drift current in an easterly direction. The mean diurnal value of thi. drift, I* 
corresponding to the mean di^nel density of ionisation of N 0 , makes a contribution 

to the main field of the earth, somewhat increasing the I, component. In the noon 

„ J . . . „ wh i c h there likewise corresponds an 

hours there is an excess of ionization /\N, 

excess c^r.nt of easterly direction «. To the deficit of ionisation in the night 
hours there corresponds the negative current - hi. As a consequence of these addi¬ 
tional currents, there is an acylation of positive charges on the evening side of 
the earth and of negative charges on the morning side. Since the conductivity of 
the ionosphere along the lines of force of the emetic field is very great, these 
charges will tend to be displaced toward the higher latitudes along the lines of 
force, and will form two current eddies: a more intense one on the dayligh 
the earth and a less intense one, negative in sign, on the night side of the earth. 
In its application to the S D variations, this scheme must be modified as follows, 
jf we assume that: 1) the S„ variations of the ionisation density of the F 2 layer 
are responsible for the S D currents; and 2) the vector gHm - grad kTM is directed 
vertically upward,* then an additional current will begin to flow in westerly direc¬ 
tion on the evening side of the low latitudes (0 to hi”), while an easterly Cerent 

. Since only the term IN», directed vertically downward, entered into the Chapman 

drift theory, this predetermined the formation of the current !„ of easterly direc- 

,» , Hre-ift is determined by the difference vec- 

tion. Following Tamm, we assume that the drift is determin 

tor gNm - grad kTN, which may be either positive or negative. The assumption 
fhm - grad kTN directed downward leads to signs of currents opposite those obtained 
from geomagnetic data. The assumption |»m - grad kTN directed upward leads to the 
formation of a westerly mean current I 0 , which, being superimposed with the western 
I current, due to the effect of the equatorial ring, gives the necessary signs of H 
on the morning and evening sides in the low and middle latitudes. 
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will begin to flow on the morning side. In the middle latitudes (45 to 60°) the 
direction of the currents on the evening and morning sides will be opposite, and the 
closure of the currents along the lines of force of the magnetic field leads to the 
formation of a negative eddy on the evening side and positive eddy on the morning 
side, the centers of the eddies being located at the latitudes 40 - 50°, where we 
have an inversion of the phase of S D f°F 2 . This scheme of formation is a rough one, 
intended merely to show that the explanation of the S Q variations by ionospheric cur¬ 
rent is possible in principle with respect to both the order of magnitude and config¬ 
uration of the current lines. Which of these two mechanisms we have discussed, the 
influence of the equatorial ring or of the drift current, yields the greater contri¬ 
bution to the formation of the S D currents at one latitude or another, remains ob¬ 
scure without performing exact mathematical calculations. The question as to wheth¬ 
er these effects are capable of explaining all features of the S Q variations like¬ 
wise remains unanswered. To elucidate these and other questions that may arise in 
connection with the explanation of the S D variations, a detailed development of the 
theory would be necessary. The above presented reasoning is but an attempt to de¬ 
termine the direction in which this theory can be developed. 

Section 4. Currents in the Iono sphere Induced by the External Field . 

In this Section we shall discuss the role of the currents induced in the iono¬ 
sphere by the alternating mgnetic field of the equatorial ring current. Let us de¬ 
note the field external with respect to the ionosphere (that is, the field of the 
equatorial ring) by the letter E, and the field of internal origin (with respect to 
the outer edge of the ionosphere) by the letter I. The field I is made up of fields 
induced by the external field in the conducting layer of the earth and the iono¬ 
sphere. Let us assume for simplicity, an ionosphere beyond the homogeneous conduct¬ 
ing spherical layer of conductivity od(o «= specific conductivity, d = thickness of 
layer). Then, denoting the external and internal fields observed directly under the 
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current layer by E' and I', we have, by the Whitehead formulas: 

E'=E-^£\nE-(n+l)l\ 


/=/ 


n til 
C 0 d 


n+ 1 dt 


[nE - (n + 1 ) !\ 


( 22 ) 


4 <i«. 


where C n = - od and a n = radius of the conducting spherical layer. -Let us es- 

u 2 n + L u 

timate the influence exerted on the E and I fields by the currents induced in the 
ionosphere, that is, in other words, let us estimate the differences E' -E and I* 

-I. Considering only the first harmonic of the series representing the fields E and 
I, and assuming the terms E and I to be expressed by exponential term of the form 


we have 


E = A e e-' c{, -‘°'\ 


— — n F dl _ / 

dt ~ a «^’ di — a r > 
£'-E-Co±(E-2I), r = 


(23) 


E' ----- £ (1 -f- C^a c ) 2C 0 a,/ | 


/' = /(! -C 0 «,)-f 


Co» e 


(24) 


The quantities E and I are completely unknown to us, while the values of E' and 
I« may be judged on the basis of the field of D ^ variations observed on the earth 
surface. Thus, eq.(24) enables us to determine the values of E and I if we only 
make definite assumptions as to the conductivity of the ionosphere. After eliminat¬ 
ing I from eq.(24), we have 


E'O-C^^Coa,/' 
1+Q,a/—C u «, 


(25) 


whence 


E-E' -- 


2c„a,/' - C 0 a f £' 
1 C 0 a, — Cj«,- 


(26) 


It follows from a consideration of table 27 that if od is understood to mean 
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the approximate* quautitj 

The numerical values of « e and .i ± are unknown to us, but an idea of their order 
of magnitude can be formulated in the following way. Let uf assume that the field 
of the equatorial ring during two days (the mean duration of a moderate storm) falls 
to 0.1 of its greatest value observed at the instant t°. In that case it follows. 


from eq.(23), that 




If the storm dies away still more slowly, then the value of a e is even less. 
The coefficient a i is of an analogous order of magnitude. Thus, 

C 0 a = 1,5 X 10~ 2 - 


E — £'Sl,5X 10 -2 (2/ / — E'). (27) 

The values of E* (that is, the field of the equatorial ring, allowing for the 
influence of the currents induced in the ionosphere) and of I» (the field of the cur¬ 
rents induced in the earth) are known to us, not directly -under" the current layer, 
but on the earth surface. It follows from eq.(3 III), however, that the value of 
the field at the earth surface and at the level of the lower edge of the ionosphere 
(h = 100 - 300 Ian) are little different from each other, and, thus, the value of the 
difference eq.(27) can be estimated from the values of I and E in Tables 7. Thus, 
for instance: for x = 20 hours, E» - E - 1.5 * 1°' 2 (5^V - 28Y * 2)* 0; for 
Y = 30 hours, E* - E = 1.5 x 10*“ (51Y ~ 17Y x 2) - 0.3 • 

From these results the difference I - I’ was calculated. 

For'more rapid fluctuations (for example weakening of the storm to 0.1 of its 
initial value in 12 hours or, on the other hand its development at the beginning of 

i 
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„ . . .. . t* • r ( ^ ' A '» 

. \ . . , v il>v of 1 1 '• •" ,f ' 1 

> Mm -I i • 1 * > > . ,. v ,. r „r 

. . tre .dso Pc ' r waJj °- 

MI| . .urr.T«-n-« j - • 1,0 

l i j| follows from U,- • xu.i-V-3 **••« 

. Ulll l (cr.Tal.le 7), will thoy J “ ~. f /f>rL 

that the currents i,Kh,ed * U, .ones,.ere by -iutions us .1~ - »st — - 

. riclfl oll Lho earth surface and, in any -asc 

substantial varilllons . They can in 

cannot be called upon Tor an explanation • D 

, , explain the seasonal fluctuations of D m , either (cC.Cha^ 

" 0t l>e " . , . u „ rapid-course fluctuations 

ter VII, Section 1). On the other hand, in atu ymg 

(pulsations or aperiodic fluctuations of the tyP e of sudden —»- 
rent induced in the ionosphere « furnish a substantial contribution to 

ved variations.* . 

. Hrift and induction mechanisms of current exci- 

The discussion of the dynamo, drift, and 

• Sactions U and 5 had the object of explaining the origin of t e 
tation given in Sections 4 an 

. f the s variations. The formation of the polar part 
middle-latitude part of the S D varia _ 

, d of the currents of the P-storms may possibly originate in entirely 
S~ currents and of the current . 

° • ,h. nolar regions, the direct penetration of charg- 

different ways. First of all, in the polar regio , 

• +Vi=+ this cannot but affect the con— 

-U Poes without saying that this cannoo 
ed particles occurs, and it goes win 

• «. n j Thpn a3 we have pointed out above, the dis- 

ditions of the electromagnetic fiel . > 

turbanoes of the polar ionosphere as a rule are acco^nied by a sharp increase o 
ionisation in the lowest layers of all (the 0 and E layers). Thus it may - 
that the current system disturbing the nor^l geodetic field are forced in e 

layers as well, and not only in the F, layer, as is the case in the middle latitude . 

■in the nolar regions would go beyond 
A discussion of the electromagnetic processes in polar 

the scope of the present wort, since a. opinions on this q uestioh would haue^be 
based on a special study of magnetic and ionospheric material that 

mn^to show by analogous calculations that the induction produced in the 

k " tic fields of currents flowing in the F 2 layer, is likewise very 

W E layer by the magnetic neia 

slight. ^ 
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to mo. It would, however, appear advisable to say the following. It is very prob- _ 
able that! the s D currents in the polar latitudes flow, as in the middle latitudes, 
at a great height (the height of the F 2 region). This is Indicated both by the geo- 
magnetic iata (determination of the height of the linear current, cf.Chapter V) and __ 
the great influence of the disturbances on the F 2 layer (the decrease in the ionisa¬ 
tion of the F 2 layer in the high latitudes, as we have seen, is far more substantial 
than in the middle latitudes). The penetration of corpuscles down to the lower lay¬ 
ers of the ionosphere, resulting in an elevated ionisation at the level of the D and 
E layers, jmay possibly be responsible for the origin of polar storms. This proposi¬ 
tion is based on the statistics given by Wells and a number of other authors, dis¬ 
closing the correlation between the appearance of the E s , the aurora, the bay-shaped 
disturbances, and the disruption of radio communication, as well as the highly local 
nature of'the course of F-storms, which does not allow us to refer the S D current to 
great heights. All determinations of the height of the current of the F-storms, un¬ 
der the assumption of the linearity of the current, may lead, as we have seen in 
Chapter I; to heights of the order of 100 - 120 km, or less. As for the mechanisms 
of excitation of the P-currents in the low layers of the ionosphere, it would appear 
not impossible that the dynamo effect plays a great role in their formation. If, as 
follows from Nagata's work (Bibl. 52 ), the ionisation density of the lower levels in¬ 
creases tenfold during a disturbance, then the conductivity o of the D and E layers 
may reach such a value (about Kr f '), that the displacement of ionised masses at re¬ 
latively low velocities is able to produce currents of the necessary intensity. 

But conduction currents are not the only possible cause of the polar storms. 

In the light of the modern theories of the aurora, which have been developed with 
particular success by the Soviet scientist A.I.Lebedinskiy, it would appear more 
probable that the storm field is induced by currents of the discharge type. 
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CHAPTER IX 


CURRENT SYSTEt-E OF INDIVIDUAL STORKS 


Section 1. Polar Storms 


The preceding Chapters of this work have been devoted to the discussion'of the 
average features of the field of magnetic disturbance and to the description of the 
average current systems. The few attempts to construct the system of currents corre¬ 
sponding to individual storms (cf.Chapter I) have shown that the individual systems 
are of the same character as the average systems. The task of the present Chapter 
is to check this proposition on a large amount of empirical material. 

A calculation of the external current systems of the S D and D st variations and 
of the P-storms, performed by rigorous analytic methods, showed that the approximate 
method of constructing currents gives good results both with respect to the configu¬ 
ration of the currents and to their intensity. This conclusion must be understood 
to the effect that with a given relatively sparse distribution over the earth sur¬ 
face of points with observed values of the magnetic elements, the analytic and ap¬ 
proximate methods give a similar and rather coarse picture of the currents. With a 
more complete starting material, the analytic methods, of course, would yield more 
accurate results, while the accuracy of the approximate methods would not be in¬ 
creased. In the present case, the consideration of the individual disturbances, the 
number of observatories whose materials can be used proves to be still smaller than 
the number used by us in our study of the average features of the field. For this 
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reason it seems advisable l.o construct, the individual current systems by the approxi¬ 
mate method, estimating the current density by the Biot-Sahara lav/ (cf. eq.(l.V)). 
The ratio hetween the external part of the field E and the observed field was assum¬ 
ed, in accordance with the results of an analysis of the variations, to be 0.8 
for the middle latitudes and 0.9 for the high latitudes. 

The current systems are calculated for 26 separate instants of polar and world¬ 
wide storms. The current systems of two polar and one worldwide storm are given as 
an example in Figs.41 - 43. 

All the figures were constructed of exactly the same type. The legend, under 
the drawings indicates the Universal Time, and the local time for the various merid¬ 
ians corresponding to that Universal Time is indicated at the edge of the coordinate 
net. The coordinate net composed of solid lines is formed by the geomagnetic paral¬ 
lels and meridians, while the net composed of dashed lines is formed by the geograph¬ 
ic parallels and meridians. The negative values of the current function (the cur¬ 
rent flows clockwise about the extremum) are indicated by dashed lines, while the 
positive values (the current flows counter clockwise around the extremum)by solid 
lines. The horizontal component of the vector of the disturbance field is shown by 
an arrow. The current lines are so -drawn that a current of 10,000 amp flows between 
adjacent lines. The legend under each drawing gives the intensity of the largest 
current eddy. 

Let us turn at first to a consideration of the current systems of polar storms. 
In order best to bring out the characteristic features of the P-storms, all the ex¬ 
amples were selected on quiet days, when one disturbance is not piled on top of the 
other. Figures 41a and 41b represent the maps of the currents for two consecutive 
instants of the polar storm of 9 October 1932.* The vectors plotted on the maps 
correspond to the mean hourly values of the magnetic elements. On both figures the 

* The starting data for the disturbances of 9 October 1932 and 23 February 1933 
have ,been'taken from Vestine (Bibl.62). 
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T'io o.ldy with the current of posi- 


currcnt, system consist.s of l.wo pairs of eddies. 

Live direction is located ori the evening hours of the polar latitude, while the eddy 
with the negative current is located on the morning hours. In the middle-latitude 
pair of eddies, the signs are opposite. On Fig.Ala, corresponding to the greatest 
development of the storm, the polar eddie3 considerably exceed the middle-latitude 
eddies in intensity. The intensity of the morning and evening eddies i3 not the 
same. Of the polar eddies, the most intense is the morning eddy, of the middle lati¬ 
tude eddies, the mo 3 t intense is the evening eddy. Figure 41b shows the end of the 
polar disturbance, when the values of the magnetic elements have almost returned to 
the normal 3 tate. The form of the current lines and their location with respect to 
the local time persists in both figures. A comparison of Figs.41a and 41b with 
Fig.32 shows that the distribution of currents during the disturbance of 9 October 
1932 is very much like the currents of the idealized P-storra, both with respect to 
the sign and position of the current eddies, and to the configuration of the current 
lines. It is true, of course, that it is necessary to note that the centers of the 
eddies on the idealized picture are located at earlier morning hours than in all in¬ 
stants of the disturbance of 9 October 1932. The second example (Fig.42) yields a 
picture of a more intense polar storm. The intensity of the current in the polar 
cap reached one million amperes at 1400 hours, 23 February 1933. The current streng¬ 
th in the middle latitudes in this case remains very small. The general form of the 
current lines and the distribution of the signs of the current function are the same 
as in the first example. Our attention is attracted by the strong asymmetry in the 
intensity of the morning and evening polar eddies: the morning eddy is 5 times as 
intense as the evening eddy. Such asymmetry in the distribution of currents gives 
the impression that the storm is observed only in a narrow longitudinal sector of 
the Arctic over North America. Since in many cases the distribution of the degree 
of disturbance in a polar storm is also characterized by such asymmetry, an uncriti¬ 
cal consideration of the material has led many investigators to the conclusion that 
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Fig.41 - Polar Storm of 9 October 1932 
1500 Hours, I = 70 x icA amp; b - 1600 Hours, I - 40 x 1(A amp) 
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polar ut.ormu ire 'oc.il in ch.ir.icl.er, Llul is., «.»*«• « aLo >*. . covorS only - 

a small longitudinal sector. The examples of polar storms we have considered show, 
on the contrary, that an intense negative disturbance on one side of the earth is al¬ 
ways accompanied by a small positive disturbance on the other side. Thus the current 
system of a polar storm always consists of a pair of current eddies of different si C n 
and intensity. The disturbance of 23 February 1933 vividly illustrates still another - 


property of the current system of a P-storm: the current system is fixed with re¬ 
spect to the sun but not with respect to the earth. During the two hours that elaps. 
ed between 1400 and 1600 hours, 23 February, the centers of the current eddies were 
so displaced with respect to the earth that at both 14 and 16 hours the center of 


the main polar eddy remained at 4 hours local time. 

The vectors represented on Figs.41 and 42, as already mentioned, represent the 
mean hourly values of the elements. They show that the smoothed course of the indi¬ 
vidual polar storms, as represented by the mean hourly values, is in good agreement 
with the typical picture of the polar storm described in Chapter VI. For other pol¬ 
ar storms, the diagrams of instantaneous values of the vectors have been constructed 
and the current systems corresponding to them have been drawn. 

A typical polar disturbance was observed on 7 March 1946. The magnetograms of 
the Sitka and Tucson Observatories revealed a barely perceptible curvature of 
the quiet march of the magnetic elements at the Tucson Observatory, while at Sitka 
the amplitude of the fluctuations reaches 200 Y . The first diagram of the currents 
corresponding to maximum deviation of the H and Z components from normal (that is, 
to the moment of maximum development of the disturbance) shows a negative current 
eddy of considerable strength on the morning side of the polar cap (I - 170 » lO** 
amp) and a weak eddy on the evening side. The middle-latitude eddies, positive on 
the morning side and negative on the evening side, are developed relatively well, 
but there are no currents flowing along the parallels of latitude and responsible 
for the D 9t variations. At 14 hours the current strength in the polar and middle 
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The si/ns 


latitude eddies weakened, and Lite polar 
of the current eddies remained the sacc 


(iddy shifted tn tin; night hours, 
as at 123 hour3. Thus tics instantaneous dis¬ 


tribution of the field of the polar storm is likewise in good agreement with the 
field of the averaged storm. The 3anic picture of currents typical for polar storms 
is shown by the disturbances of 3.4 March and 4 July 1946. In all cases (except one), 
the polar part of the system consists of two eddies, a positive on the evening side 
and a negative on the morning side. The exception is the current system for 14 
March 1946, 20 hours, on which the negative eddy moved over to the evening side. 

The morning eddy, a 3 a rule is more intense than the evening eddy and is usuaily ex¬ 
tended to the central part of the polar cap. Only in two cases (12 hours and 1530 
hours, 4 July) did the evening eddy prove to be more intense. The middle latitude 
eddies have the opposite sign to the polar eddies: the morning is positive and the 
evening is negative. In intensity they are either both the same, or the evening ed¬ 
dy is stronger. In almost all cases the intensity of the middle latitude eddy is 
considerably less than the intensity of the polar eddies, and only at the beginning, 
or, on the contrary on the extinction of the disturbance, do the middle latitude and 
polar eddy become comparable in power. It was not possible in even a single case to 
draw even a single current line along the parallel, which would be due to a vector 
of disturbance equal for all meridians (D gt variations). 

The form of the current lines, the intensity and locations of the centers of 
the eddies, fluctuate from instant to instant, and from storm to storm, within wide 
limits. Thus the center of the morning polar eddy is sometimes observed at 7 hours 
and is sometimes shifted to 2 - 3 hours. The position of the center of the evening 
eddy fluctuates within just as wide limits (from 15 to 19 hours). The line of max¬ 
imum crowding together of the current lines is in all cases located between $ “ 60° 
and <i> = 70°, regularly shifting to the lower latitudes with increasing disturbance. 
The greatest current intensity registered, I * 170 * 1CA amp (1230 hours, 7 March 
1946) is about three times as intense as the' current of the average bay (Chapter VI). 
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But the storm of 7 torch 1%6 is not particularly great; stronger disturbances are 
often encountered with a current strength probably much exceeding this amount. It 
follows from all that has been said that the penetration of corpuscles in the high 
latitudes always lead to the formation of a current system of a definite type. The 
most characteristic features of this system are: the formation of a powerful nega¬ 
tive eddy on the morning side and in the central part of the polar zone, and the for- 
nation of a weaker positive eddy on the evening side. The fluctuations in the in¬ 
tensity, form, and position of these current eddies results in an infinite diversity 
of disturbances. But with all the multiplicity of the currents of the P-storms, the 
fundamental features of the system always persist, which is evidence of the definite 
regularities which the fornation of these currents obeys. 


Section 2. Worldwide Storms 

Th. storm of 8 April 1947 is a moderate storm. The currents calculated for 22 
and 23 hours, 8 April, characterised the first phase of the storm in elevated values 
of H. The current encircling the earth along the circles of latitude is directed 
eastward in both cases. At 22 hours, both polar eddies of th. S 0 variations show 
up rather distinctly on the diagrams, while, of the pair of middle latitude eddies, 
0 „ly the positive morning eddy still persists. During the course of an hour, th. 
position of the eddies was considerably modified, and the polar evening eddy spread 
out to the middle latitudes as far as 40 °, while the polar negative eddy occupied 
the central part of the polar cap. Three consecutive instants of the disturbance 
( 7 11, and 17 hours, 9 April, Fig.43) were selected in the negative phase of the 

storm, during which the D st current was directed westward. PVom the current system 
of the S„ variations, two polar and the negative evening middle latitude eddy per- 

aiBted for all these three instants. 

The storm of 8 August 1946 is a small magnetic storm (with amplitudes % - 70 
gammas at Sitka and R„ ■ 25 gammas at Honolulu) without great irregular fluctuations. 
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• Fig.43a - The Worldwide Storm of 9 April 1947 

0700 Hours 

current is located at the center o f the polar cone *J- ~ ^ th . 

-—- - ti: z or.. — 
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titude par D ^ girdling the entire earth. This 
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last current (presented on the hasas ^ to th e earth 

. n currents symmetrical vnun 

an indication or the existence st th . D t current is weak 

^s. For three instants o f the storm o f 3 August 1«, °st 
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(I v lc/' amp) and is noted only in the low latitudes. The configuration of the cur¬ 
rent lines varies considerably from hour to hour, but the general character of the 
distribution persists. From this hasty description it follows that the current lines 
of the storms of 8 April 1947 and 8 August 1946 may be considered as the result of 
the composition of the S D and D gt systems.The direction of the current, the ratio 


Fig.43b - Worldwide Storm of 9 April 1947 
1100 Hours 

of the corresponding intensities of the eddies, and the location of the centers of 
the eddies - all these features of the current system of a given disturbance find 

* The current systems of Fig.43 have been calculated, for convenience, under the 
assumption that all the current flows in a spherical layer at the height of., the 
ionosphere. However, as follows from the preceding, it is more probable that the 
Dgt currents form an equatorial ring several earth-radii in size. For this reason 
the current map 3 that we have described are arbitrary, and they must not be consid¬ 
ered as a proof that all the current actually does flow at one level. 
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explanation in tlic fluctuations of the current systems or the average and 
variations. 

The principal TeaLures of the D gt and S D current systems are likewise manifes¬ 
ted in two other examples of disturbances discussed, 17 April and 5 June 1947. These 
storms are great storms and the intensity of the currents during them reaches 60 and 
70 x 10^ amp. The variation in the configuration of the current lines and the vari¬ 
ation of the current intensity from hour to hour in both cases are very great, but 
the general character of the system remains unchanged. 



I 

Fig.43c - The Worldwide Storm of 9 April 1947 
1700 Hours 


It follows from the four examples we have discussed that, in spite of the very 
complex and outwardly random course of worldwide magnetic storms, the field of dis- -- 1 
tiirbance, even at individual instants of time, obeys definite regularities which are_ 
well described by the average D gt and 3 jj variations. The multiplicity of the fluct- i 
uations of the magnetic elements during a storm is explained by the fluctuations of 
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' the parameters of these current systems and the superimposition on them of polar dis¬ 
turbances, the piling up of which gives an irregular and grotesque form to the vari¬ 
ations of the magnetic elements. A comparison of diagrams for successive instants 
of one and the same storm clearly shows how the current systems are deformed (their- 

configuration and intensity both vary), thereby producing the variations of the geo- 

I 

magnetic field. 1 
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CHAPTER X 


THE INTERNAL PART OF THE DISTURBANCE FIELD 


Section 1. -He Inductive Orig in of the Inner Part of the Field. Survey of_the 
Results Obtained 

It appears beyond question today that the part of the field of-magnetic varia- 
tions whose sources are located inside the earth is not independent;, its existence 
is due to currents induced by the alternating field in the conducting regions of the 
earth. The study of this internal part is of great interest, since it is still the 
only source of our knowledge of the electromagnetic properties of the deep parts of 
the earth. The idea on which the induction theory of the internal part of the mag¬ 
netic variations is based is very simple. Every external alternating magnetic field 
E(T) induces, in a conductor of conductivity * and magnetic permeability „, magneti¬ 
sation (magnetic induction) and a certain distribution of currents (electromagnetic- 
induction). The field of these currents (!•) and of inductive magnetisation (I») 
can be calculated theoretically if the function E(t) and the parameters * and u of 
the medium are known, that is, 

/’'-+-/" = / (£*, *. I*) • ^ 

On the other hand, by substituting in eq.(l) the values of the external and in¬ 
ternal fields known from the experimental data, the parameters « and „ can be expres¬ 
sed in terms of E and I. In practice, however, the finding of I (E,*,* ), and all 
the more the solution of the inverse problem, to find * and u from observations of 
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E and I on the earth surface, encounters great mathematical difficulties. The prob¬ 
lem has been solved only for a few very special cases. Thus, Lamb (Bibl.40), devel-^ 
oped a theory of electromagnetic induction in a sphere of uniform conductivity 
(k = const) for the case when the field of E(t) is a periodic function. Lamb's form¬ 
ulas, used by a number of authors (see (Bibl.9) for more details) in the analysis of 
the solar-diurnal variations (S q ), show that the earth could be represented as con-.... 
sisting of a conducting core (-*- = 10' 12 - 10' 13 CGSM), surrounded by a nonconduct¬ 
ing shell 200 - 400 km thick.* A consideration of the diurnal variations does not - 
enable us to determine the values of k and p separately, but it appears unlikely that 
U in the deep parts of the earth should differ much from unity. To verify this prop¬ 
osition, Chapman and Whitehead undertook a qualitative investigation of the slow D at 
variations. The potential of the field of induced magnetization (I") should be ex¬ 
pressed by the same harmonic as the induced field E(T), and the ratio of the harmonic 
coefficients of the internal field to the external not depending on the rate of 
change of E(t) (for more details, see Section 6). Therefore on the 5th to 10th day 
of a storm, when the variations of D st are extremely slow, and, consequently, the in¬ 
fluence of electromagnetic induction is very slight, I" should exert most of the in¬ 
fluence on the field observed at the earth surface. This influence decreases H and 
increases the Z component of the E field. For example, for U - 10, the expected ef¬ 
fect should be equal to 1 E in H and ±E in Z. During the first days of a storm, 
with rapid variation of D gt , the field of electromagnetic induction I* should have a 
great weight. This field, as is commonly known, is expressed by the same harmonics, 
but with reversed sign, that is, increasing H and decreasing Z. But Chapman and .. 
Whitehead (Bibl.40) found no substantial difference in the ratio of the observed H 
and Z of the D st field on the first and subsequent days of a storm, which is evi- .. 

dence that magnetic induction plays a small part in the establishment of the inter- 

* The term "core" here employed is not identical with the notion, generally adopted 
in geophysics, of the earth core, with a radius of 0.6R. 

i 
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nal field. . 

The rigorous solution of the inductive problem for an aperiodic field (for ex- 

„,ple the D 3t field) involves miior computational diffioulties. Per a sphere 
. eonst this problem has been solved by Price, who found that to explain the ratio 
of E and I of the first harmonic of the D. t field it is necessary to assume differed 
parameters for the earth, a thickness of 400 4- - the nonconducting layer, 

and x - 4 x 10- 12 • The most probable explanation of this disagreement would appear 
to be the phenomenon of the shin effect. let us assume for simplicity that the field 
g is proportional to sin pt. Then the -gnetic flux f through any contour at a cer¬ 
tain level in the earth will be proportional to sin pt, that is, f - f 0 sin pt, and 

the electromotive force due to it, ■ - - £ - *** 

the current induct in this layer is proportional to p and K. The field L created 

by this current will neutralise the inducing field B and will prevent it from pene¬ 
trating into deeper layers. The depth at which the full screening of the internal 
region from the field E takes place will be inversely proportional to the intensity 
ef Ilo r., that is, proportional to J-. Consequently the more rapid fluctuations 
of E (t) will induce currents concentrated in a thinner surface layer of the earth, 
while to the slow fluctuations will correspond currents extending to great depths. 
Thu, the increased value of « and the increased depth of the nonconducting shell for 
D t indicates that the current, of D, t penetrate deeper within the earth, and that 

increases toward the center of the earth. Accordingly, lahiri and Price (Blbl.W) 

j n f* 4 .oorfh 3 . cor© of nonuniforrn conductiv— 

have made calculations for a model of the earth with a core o 

ity x - x o-s(o ■ - , where a - radius of core), which explains the ratio of the 
fields I for both the S 0 and the D st variations. Calculation, showed that for a 
depth of^ the order of 600 ta, the « differs little from the x of dry rocks, i.e., it 
is 10-1* to 10-15 ogsh, and that below that level it strongly increase^ with the 

depth. ! 

A number of authors have attempted to evaluate the field of current, induced in 
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the oceans and upper conducting layers of the earth crust. They have succeeded in 
finding Jthat a uniform layer of seawater, 1.5 km thick, markedly changes the ratio 
— observed on the earth surface (for instance, for P2 , from 0.4 to 0.5). But the 

i I 

continents, alternating with the mainlands, reduce the effectiveness of the currents 

in the oceans, and as a result it may be considered that the internal parts of the 

Sq and D gt fields are almost entirely due to currents flowing in the deep parts of 

the earth. It goes without saying that for the more rapid variations of the magnetic 

field the influence of the surface currents is greater, and, in the case, for in- 
I •- 1 

stance, ( of the pulsations, which are periodic fluctuations with a period of a few 
seconds, the upper conducting layers may possibly completely screen the conducting 


S.Sh.Dolginov (Bibl.15) has obtained interesting results by using the spherical 
analysis of the noncyclical variations to evaluate the earth conductivity. Consider- 

j 

ing the noncyclical variations as the derivative of D gt and using the approximate 
Chapman-Whitehead formulas, Dolginov confirmed the value x * 4 x 10' 19 for a radius 

I 

I 

of the conducting core from 0.88R to 1.00R which had been obtained by Chapman from 
Sq data.' 

In 1949, A.N. Tikhonov (Bibl.3l) found a new possibility of estimating the con¬ 
ductivity of the earth by using simultaneous observations of the geomagnetic varia¬ 
tions and the earth currents. The equations relating the variations of the magnetic 
and electric vectors at a given point permit the determination of the conductivity 
and the thickness of the earth crust for different regions of the earth, and thereby 
yield material that is valuable for geotectonics and geology. 

All the authors mentioned by us, except S.Sh.Dolginov, started out from one and 
the same experimental material, the spherical analysis of the D st field performed by 
Chapman and Whitehead. Only the first term of the spherical series, the harmonic P-^, 
was examined in this case. In view of this fact, the literature has repeatedly 
pointed out the necessity of repeating the evaluation of the parameters, using new 
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experimental Aerials. «e period -h "or* on the basis of the oeparaticn of the ' 
disturbance field into E and I parts, as described in the preceding chapters, and . j 

results of this work are given below. 

Since the theory of induction in the for, developed in the works'of la* and 
Price can be successfuny used only in case, when the E and I parts of the field are 
represented by series of special functions, the data on the S D variations remained ^ 
unused. It proved possible to employ only the D,t variations and the, polar storm, 
for the evaluation of a . In the calculate based on D, t - used the formulas of 
Price for a homogeneous sphere and of Lahiri and Price for a sphere of nonunifon, 
conductivity. Since the field of a polar storm was represented by a series of Bessel ... 
functions, the induction problem was solved in cylindrical coordinates in order to 
make the use of these data possible. For convenience, the exposition of the solution ■ 
of this problem has been placed in a separate section (Section 2), while Sectaons 3 - 
6 are devoted to the calculation of the conductivity from the data of D. t , and the 

results are discussed in Section 7. ! 



Assume that the earth, beginning at a certain depth Sp, has the fconstant conduc¬ 
tivity K. The upper half-space (the upper layers of the earth and the atmosphere) 
constitute an ideal dielectric. Then the magnetic field may be described in the da- 
eleetrle by the scale of potential v, and in the conductor by the vector Potential I, 
Which, as shown by Lank, satisfies the equations: 




( 2 ) 


and 


dlvA = 0. 


(3) 


Here a* - 4 tap, and T, a. before, denotes Universal Time. The condition of con¬ 
tinuity of the tangential components of the field H and of the radial component of 
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induction R at ttie surface of separation of the two media (z ■ z^) enables us to find 
the constant a entering into the expression for vector potential, and thus to evalu¬ 
ate x and u. It is therefore necessary first of all to solve the system of equations 
(2) and (3), and, from the vector potential so found, to calculate the components of 
the vectors of induction and field intensity. 

Putting A ■ R(r)<j>(qi) (z)T(T), we may, without prejudice to the generality of the 
solution assume that T(T) * e“* nT , where in the case of aperiodic variations n is a 
real number, for aperiodic variations an imaginary number, and in the general case, 
a complex number. Denoting R(r^(qpJZCz) by Aq, we have 

I (4) 

§J = -AJne-" r 


where 


M 0 + *M 0 = 0, 


k 1 = = ina} . 


In curvilinear coordinates, the meaning of the symbol A of the vector is defined 
by the identity rot rot F *= grad div F * AF, from which it follows that 

rotrot/4 0 — = 0. 

In cylindrical coordinates, the r, q> , z components of eq,(7) are written as 


follows:| 




I frA, 1 d*A f 
r drds'r dfdi 


Here A^, and A r denote the respective components Aq and A z - 0, which corresponds 
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to the fact that the induced currents are assumed to be parallel to the plane z - 0 
Setting R(r)'l('P) - Y(r, «.»), A r = ZY r and A, p = ZY,,„ we have, from eq.(8): 


and 

whence 


z-, „ i r^_«a- 0 

T+* ~7«17[^fTr ^J- U - 


■ + **«= X*. 


[drV, 

S-U- 

[ df dr 


k 2 - f 2 . 

we have 

= f*Z*rd Z 

= <T / '. 


(11«) 


Equation (10) is equivalent to the identity 

^4.^ = 0. 

dr ‘ df 

3Y( P , \ 3rY r 

On replacing in eq. (12) by ——— , we have 


( 10 ») 


JL -j- i- -j- X*r* = — — ^ t r - = const = A*. 
R dr* ' R dr ' <t> df* 


— S-- h- ■=; v—- 1- K~r = A • v-unai (» . • " 

dr* ~ dr ' 4^ df* 

It follows from the right side of eq.(13) that 

<t> r = sin (A<p + •)• ^ 

Putting rR r - Uf and \ r = p in the left side, we obtain after several transfor 
raations, . 

p« «2l" + p + (p* - A*) <21 = 0. 

Equation (15) is the Bessel equation of order h, whose integral 

<2i= c y A (p)«^,=^y*(Kr), (16) 

where c is a constant coefficient. It follows from eqs.(ll», 14, and 16) that 

A r = ce~ fz sin (A<p -{- £ ) y >/* 0-r). 

i 
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Substituting eq.(17) and eq.(10")> we 6 et 

I 

! A r = £ e~ u cos (A<p + 0 - h l r ~ • 

From eq.(17) and eq.(lB), which completely determine the vector we 

components of the magnetic induction B ■= rot A. For T * 0 

1 dJ k Qr) 

B r == — ^ fe~ fI cos (/r«p + *) ■ V ~~ ’ 

I Q _jin (A<p -j- *) r 

B =-A- e~ /z cos (A<? +«) A (lr). 

* h 

It follows from e<,s.(19) - (21) that the components of the vector B(T) 
real parts of the expressions 

' B _ Re - ih % 

Bt==Re -^e- J h (Xr). 


(18) 

find the 

(19) 

( 20 ) 

( 21 ) 
are the 

( 22 ) 

(23) 

(24) 


' u ■!„ chanter VI is a function of the local 

The field of the polar storm discussed in Chapter 

J m x „ n3 (22) - (24), we have, for Z * Z 1 : 

time t. Putting h = n and T + ( P = t in eqs.^22; w, 


, dJ 


B ' = _£» e - y *'- ,{n, -' ) J„C«r). 


(25) 

(26) 
(27) 


In the nonconducting half-apace 
place equation and consequently may be re 
the series 


, the potential of the field satisfies the La- 
presented, under the condition h « n, by 

V^Re [Ee- Z) ~ nnl+T) + ~' ( "' +C ’l 7 " (Xr) * ^ 
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where E, I, Y and C are known constants (cf.Table 17, Chapter VI). From eq.(28), for 


Z = Z n 


cj — • t 

H r = (x [gg-*‘ x - |> - t<+1r) + fe z ‘ > - ,{nt+ ' ) ] , (29) 

H^-inv. [Ee-‘' x ~ ,( "' +T ’ + i/„ (Xr), . (30) 

= X [— + y n (Xr). ( 31 ) 

From the condition of the continuity of H r or for Z = Z ± , we get, by equating » 
eq.(22) and eq.(l7), or eq.(22) and eq.(23), and putting u - Is 

e-Ee-*- 1 '+ le*~ 1 '. (32) 

From the condition of continuity of B on Z = Z^, we have 


c_ ^ /,-/* 

n 


= —Ee ~*‘ x ~ <T + ~ ,: 


On dividing eq.(32) by eq.(33) to eliminate the unknown constants c and e, we 


']/’ >.* — ina" _ 

X" ~ -Ee~ z ' x - h 


X —Ee~ z ' x ’ ‘i + lt'S— 1 ' 

Equation (34), connecting these complex quantities with each other, is entirely 
sufficient for the determination of the constants a 2 and Z-^ in which we are interest¬ 


ed. Introducing the notation 


we get 


•Lf# =JCM d“! = a 

£ C A X* 


l — in — 


(l+^ ,! ) 1 
(1 - ««)* ' 


Separating the real an imaginary parts in eq.(35), we get 


(I — *»)«— 4x*sin*R 
: (1— 2xcos8-f Jfl)* ' 
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! 


( 37 ) 




4jc ( 1 -x 2 ) sin 6 _ t 
— a — "(i —7x cos b + x*) 2 


It 13 easy to obtain a computational expression Tor x loom e q 


.(36): 


From eq.(37) we have 


1 + 

x ~ coT?. 


X (x»- j) sln* x> _ 

1 = p«nnUl -M* - 5 * c0 * a ) a ‘ 


(37*) 


The coefficient £ - 21 « ColTST 1.5 _ in ane ular measure 

with the fact that the time t is indicated in e q s.(25) ( , 

hat in seconds. The n^rical value of the coefficient 0 (of.Chapter «, 

10 3 km, or It.5 a 10 8 cm. ,, , h tle ld ob- 

Frrns eq.(37') and eq.OO the entities a and * may be foun ^ 

served on the earth surface is separated into an external and an le 

the solution of the induction problem in cylindrical coordinate, lead, 

-h are entirely convenient for practical —^ „ 

' j calculated from the data of Taoie i 

The-value, of a and Sy calculated ^ ^ con . 

Table aa. for five ter» I did not succeed in 1 > -s» ^ 

ductivity, Okies to negative values of the cerate '< „ and y for 

th. result, it must be borne in mind that the values of the co. 

a few term, would hardly exceed th. ^rgin of accuracy of th. ana ys . 

The results obtained are discussed in more detail in Section . 

-- , ,T learned of the work by Tu.D. 

, After these calculations had been comp^e ^ reotaneul ar coordinates, 

Kalinin (Bibl.17) in which the plane pro Kalinin's formu- 

d still simpler formulas for detaining x and ay are obtained. Kalinin 

-cable only in the case where the field depends on a single 
| las, however, are applicable only 

argument. 


l0 -* is introduced in connection 
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Table 28 


in 1 1 


• x . CUSM . 

Z|,KM • • • 

•/., CGSM 

Z„ KM . • 


8 • lO- 13 ' 14 - 10- 13 - I • I 8 ”* 4 2 -10 

,44 j 256 - *98 45 

_ I _ 7 • I0- 16 - “ 

_ ( ,2! 103 - 81 


Section 3. ——— " Condu ctivity frc .t be Data of the fe B* 

Harmonic of D jt (*-he Lamb Model) 

If the alternating noetic field of origin external to the earth surface is re¬ 
presented by the sum of terms of the form 


RE^y 1 - e 




then , under the condition that the conductivity of the earth ie unifo™, to each tern 

^ will correepond a ter. in the inductive field, repreeented by the e*u»e har.onic = 
n 

Her. <“<t) ie a function expreeeing the tie* dependence of if and repreeented 
by the infinite series 

CO MH t — 

V ‘ M — n --T- (41) 

(0 * ?i_-L 2 (2«+1) (*:'■)* x £1 - @)T • 

The constants k 2 and a are connected with each other by the relation 

(42) 

k* = — 4rxa 

and q = 1, where a is the radius of the conducting core. The constants k»* and 
are not arbitrary, but satisfy the following conditions: 

— (A**)V a * “ (•*£*)’ = (43) 
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I 


CU1VA . . 

i J l (O =0 - (A4) 

I " T 

Th ] terms containing .-“St arc introduced in the expression for, (0 by Price 
in accordance with the fact that the equations describing the boundary conditions 
(analogous to e q .(30) and eq.Ol) of Section 2, have solutions even in the absence of 
the induced field (E; h ■ 0). These solutions indicate the existence of free electric 

systems which are damped by an exponential law. 

In considering the periodic fluctuations, -hioh do not require the satisfaction 

of initial conditions, the free system may be left out of consideration, but in solv¬ 
ing the problem of induction by aperiodic variations, these systems must be included 
in the equations of the initial conditions. The failure to allow for the free sys¬ 
tems led Chapman and Whitehead to erroneous conclusions. 

The imposition of initial conditions (vanishing of the total field for t - 0) 

causes the terms containing e-«.t to obey eq.(W) and eq.(lA). 

For convenience in calculating series eq.(U), Pries proposed selecting, for the 
representation of the induced field, the constants equal to a certain satis¬ 

fying the condition, .,.(«) and eq.(W). In that case, putting - V ™ must 
omit the term s - p from the sum eq.(U) and add the term 
■ n't 1 "* 1 2 (2n+ l)le~° p ‘ 

n i“ <j2a*4ii* 

Fixing our attention on one term of eq.(W), and omitting the indexes n, m, and 
h in eq.(4l), we have 

2„ ,20+0 U:y - 

9p (0 n + 1 ^ a/pa* (k p — k s ) 

5=1 J 

- [s*-*-**, J: • (w,) 


where A 


4Kq 2 a 2 
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Chapman and Price performed their calculations for the case n - 1, for which 

I 

eq. (44) is transformed into 


/ (jc) = i^ = 0**d x=s*, 
.1 r nx 


(45) 


where s takes on the series of successive' values 0, 1, 2... 
Under this condition, on the basis of eq. (43), we have 


fi a * * 4x4*«> S A 


(46) 


and 


t P»W = ir|(^ + 9_ i^r L ) e * At -P' y F» (**— 


s—l 


p *) 


(47) 


To solve our problem, which is to find k and q, we must calculate the value of 
^(t) = I(t) from values of I and E known on the earth surface, anci must then by 



some numerical or graphical method determine 
q and * from eq. (47)• In view of the ex¬ 
treme complexity of this method. Chapman and 
Price attempted to satisfy the observed val¬ 


ues of calculating<p (t) from the val- 


Fig.44 - Coefficients of Spherical 
Analysis of the D gt Variations 
(after Chapman) • 

_ observed value; 


- calculated values 


ues of q and k found on the basis of the 
variations (q = 0.96, k = 4 x 10 " A = 5.7 
•x 10'^). The poor agreement between the cal¬ 
culated and observed values of l(t) (cf. 

Fig.44) forced them to assume that to the 
D st var I at I° n3 correspond greater depths of 


penetration of the currents (q = 0.94) a r.d greater values of the conductivity 
( k = 44 x 10’^). Evaluating a and q from the data of the spherical analysis of D g ^ 
performed by us, we considered it more advisable to begin the tests of the calcula- 


12 

tion of I(t) with the values of k and q proposed by Chapman. For k = 4 x 10’ CGSM, 

223 
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we found the value A = 5 * 10’ l7 , or, if t is expressed in hours, then A = 2 x 10* 3 . 
The time iependence of E x so obtained (cf.Table 6 , Chapter III and Fig.45) was ap¬ 
proximated by four terms of the form a 8 (l - e'^), whose coefficients a g are pair¬ 
wise equal, i.e., 

/ (48) 

£•,(*)=-a Ii2 U -e J j+a 3 ,A e -e J, 

where S;L < s 2 , S 3 < V and s 4 < b 1# Such a selection of constants assures the re¬ 
presentation by eq.( 48 ) of the first and second phases of the magnetic storm (the 
terms s x and s 2 being mainly responsible for the first phase and 33 and s^ for the 

second). 

The most favorable numerical values of s and a were found in the following way. 
Denoting the value of E(t) for t > 5 hours by Ejj, we have 

( -Am -A m ) (49) 

E„ = a 3>i {e -e ), 

(50) 

at H 

where x = s jj and y - s j. % reaches its maximum value %i ^ = 55 at t = 20 hours 
whence we have the two equations: 

1 (51) 

55 = a 3 4 (e _20AJf — e ~™ Ay ). (52) 

As the third equation necessary for the unique determination of x, y, and 4 
let us take the value of E-^ at t = 40 hours: 

35_a l( <<r"' u -e-‘ W >- (53) 

It follows from eqs.(51) - (53) that the pair x - 16 and y ■ 36 will he most 
favorable, whence Sj - k and s,, - 6 ; the u corresponding to them is 190. The 
coefficients a 1( 2 - 200 , 3l - 13 and s 2 - 18 were found in a completely analogous 

I 

way. 

I 1 

The formula so obtained 
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t\ - 200 (eT 0 ' 3 " -<r , ’ 05 ') + 

-1- 190 (e -03 " 7 ' 4- e~ u ' m> ) (54) 


( 54 ) 


are 


approximates the observed relation E-^(t) rather well. The observed values of E-^(t) 
shown on Fig.45 by the solid lines, while those calculated by eq.(54) are shown 

by the dashed lines. 

The calculations of the induced field 
of 1 ^, corresponding to the field E^, thus 
led to the calculation of four functions by 
eq.(47)s >P 4 (t), n> 6 (t), q^(t), and <P 18 (t). 

The calculations were made with accu¬ 
racy to the eight term of the series, which 
provided the fifth place in the value of 



a) 


Fig.45 - Coefficients of Spherical 
Analysis of ^st Variations 
(Analysis II) 
a) Hours 


A (0— a i8,13(^18 T13) 

-+“ a e. 4 (^6 — ?«) = 200 (?i3 “ 'Pis) + 
+ 190 (9 6 —<p 4 ) 


(55) 


is shown on Fig.45 by the dashed curve. It 

I 

corresponds to the observed 1 ^ (the solid 
curve) considerably better than the analog¬ 
ous curve calculated by Chapman and Whitehead (cf.Fig.44). 

Thus the calculations above presented confirm Chapman's hypothesis that the val¬ 
ues q = 0.94 and k = 4 x 10" 12 well correspond to the first harmonic D st . 

Section 4. Determination of the Constants q, s . ( Lahiri Model ) 

The values found for q and k are in good agreement with those previously cal¬ 
culated by us on the basis of the S q variations (Bibl.9) q = 0.935 and'K = 5 * 10" 12 . 
But this agreement can hardly be regarded as an argument in favor of the correctness 
of the assumption of a uniform conductivity for a core of radiu 3 qR. An explanation 
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of this agreement might rather be that in both cases variations of about the same ve¬ 
locities were investigated ( in the case of S q , the gradients were of the order of 
2 _ 3 y an hour, in the case of D. t ; 3 , an hour on tne first day of the storm and ly 
an hour' on the second day), and consequently gave information about one and the 
same layers of the earth. In view of this it appeared advisable to evaluate the 

earth conductivity in accordance with the Lahiri mcdel (q, >- - *0 »'*>• Lahlri and 
Price (Bibl.47) selected the constant coefficients q, s such that the, satisfied 
the ratio' of the amplitudes and phase difference of the harmonic fJs,, and then sep¬ 
arated, from the series so obtained, those values best corresponding to the ratio T 
for PiD st ; In contrast to this method of calculation, we made simultaneous use of 
the data of several harmonics of S q and P^, which enabled us to set up the number 
of equations sufficient for the determination of all the coefficients. 

It follows from the Lahiri formulas that if the inducing part of the periodic 

field is represented by the expression 


and the induced part by 


where 


E(t) = E”e v 

(56) 


(57) 

and m), we have 


Jd-ia= mod N(l*), 

(58) 

j — e = arg N (fa) . 

(59) 

_^ n + l teTicos^ + fsInS), 

- rt + 1 r (1 - 1 -v) 2) \ 2 2 1 

(60) 

2n + 1 

(61) 

V --T=T-' 

4 Rq V n% o°m 

(62) 


a — ttU 

m 
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and 


i 


Equation (60) is approximate, and is true for v < 1 and small enough values 


of k. Denoting 


by f™ , we have 


t- *f +l - r(i-y ) .. 

Jn - n + 1 r (I+V) \ 2 ) 
nq ln ' 1 r (1 - V) ('IRq \~J 

— T+T r*(i+v) V ~s- 2 / 


i - 2 


Selecting from among the coefficients of the expansion of S q to a'series in 
spherical functions, two terms with the same indexes n and different orders and 
m 2 , we obtain, on the basis of eq.(64): 

_ 2/J + l 1 

fn'_ . 2 

jm, '\mi> (65) 

Equation (65) allows us to evaluate s from known f 1 and f' t " 2 . From Table (15) 
of the above cited work (Bibl.9), it follows that fj = 0.43, £3 = 0.38', = 0.53, 

f§= 0.43. 


Thus, 


A Is . h . 

7, 


The first of the eq.( 66 ) leads to the value s - 23, the second to the value 

s - 33 , which allows us to take the mean value s - 26 . 

Putting in eq.(64), n = 2, m = 1, f l , = 0.43 and v = 0.21, we obtain the follow¬ 
ing equation connecting the unknown q and Kq with each other: 

lg x 0 = -13,27 -25,70 \gq. 

To obtain the.second equation for the determination of q and Kq, let us turn to 
PlDsf The formulas obtained by Lahiri are sufficiently convenient only in the case 
where the external, inducing field is approximated by an exponential function and 
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the unique Heaviside function^ 


E{t) = Ae~ al H(t), (68) 

where H(t) = o for t < 0, and H(t) - 1 for t > 0. 

In this case the function >p(t) (for its definition, see Section 3) is represent¬ 
ed by the infinite series 

<P ^ rrz (n + V(l -f vj{ (it) («0 + . • • + 

I 2 (r (i — y)i« , (69) 

*^r(2 + v)V(1 — 2v) \4f ) ^_i_ 2 ,(«0 +• • •}. — 

16lXH 2 q 2 K 0 

where x = - — and m ^ is the confluent hypergeometric function 

(s - 2)“ 

M . (at) = 1 — - -1-_ ( 7 n) 

' l— (i-A)(2iT7)- — • • • wu; 

The series eq. (69) and eq.(70)are convergent for small values of — and a t . 

4t 

For the calculation of <p(t) by eq.(69), the observed curve of E^(t) was replaced by 
the curve 

repressed in Fig.45 by the dashed (dash-dot) line. 

Here H(t) = 0 for t < 20j H(t) = 1 for t < 20 hours. 

Starting out from the values E^O hours) = 55 and E x (60 hours) - 25, the numer¬ 
ical values of the parameters were found: A = 55 and a « 0.02 (if t is expressed in 
hours). 

The approximate formula so obtained 

(t) = 55e-° m '-- 0) H(t) (71) 

(the broken line in Fig.45) satisfactorily represents the observed curve for t > 20 

* for convenience of exposition, the notation in the Lahiri formulas has been modi¬ 
fied, and in addition, the misprints have been corrected. 
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hours. The replacement of the smooth variation of the values of E-^ during the first’ 
phase of the storm by a sudden increase at the moment of the maximum should not, in 
Lahiri*s opinion, strongly distort the subsequent results. For assigned values n * 1, 
3 * 26 and a = 0.02, we get, for the instant t ■ 30 hours (that is, t - tg •> 10 
hours) the following numerical values of the quantities entering into eq.(69)s 

x ' - 3,5 • 10Vx 0 , v = 0,12, M_ l u = 

= 2,33, M_ o r = 0,795, = 1,828, y- = 0,25 • 10 1 *. 

Confining ourselves in eq.(69) to three terms of the series, and bearing in 
mind that<l> (30 hours) = ■= 0 . 33 , we have 

0,62 = 9> 8x o o,IJ 0 3,M -f-2,72 • 10 3 x 0 1,12 ^ 6,24 -f- 4,58 • 10 M xo’ 24 <7 8 ’ 48 . (72) 

By graphic solution of eq.(67) and eq.(72) we get q «= 0.925 and k q = 4.0 x 10* 13 . 

If the data for the term PjS q are used in eq.(64), then q - 0.909 and k q = 4.0 x 
x 10-13. 

Thus an investigation of the D st and Sq variations has shown that if we start 
out from the Lahiri model of the earth, then the conductivity of the core varies by 


the law 


x =4,0 • 10 _,3 p — 26 , 


Its radius is 0.91R - 0.92R, and the thickness of the nonconducting upper shell 


d = 500 - 600 km. 


Section 5» Allowance for the Upper Conducting Laver 


As stated in Section 1, Whitehead and Lahiri considered the question how much 
the parameters of the core would be modified if we allow for the effect of the cur¬ 
rents induced in the upper conducting layers of the earth (oceans and wet soil). 

They found the following formulas. If the conductivity of the upper spherical shell 
is k x , the radius of its lower surface is qi and its thickness 3 *= (l - q x )R, then 
the field in the nonconducting layer under the shell ^ >~ > q ) is connected with 
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the field of the earth surface by the equations: 




1,-1-irhh- [«£-<*-« n 


Here denotes the field of origin external with respect to the surface q^R, 
1^ the internal field, E and I, as before, respectively the external and internal 
fields observed on the surface r « R, and 

C o = 2ST, d%1 ' (75) 

The parameters of the core may be calculated in this case by the formulas of 
Section 4, if the values of E^ and 1^ are used instead of the quantities E and I. 
We give below the calculations of the errors introduced in allowing for the upper 
conducting layers in the evaluations of s, q, and kq, obtained by us. 

If the field observed on the earth surface is a periodic function of time (cf. 


eq.(56) and eq.(57), 




then eqs.(74) are reduced to the form: 


E. = Ee 


1 1’tiH «) C 0 h 




/, = C" ,+j) - [nEe 1 ^ + " - (« + l)Ie‘ } 


Here, to save space, the indices n and m after the quantities e and j are omit- 


Equation ( 76 ) allows us, after several transformations, to calculate, from as¬ 
signed values of f = -4- and e - j, the values of f i - 4^- and ~ Ji* We 6 ive 

E E^ 

below the values of f^ for four harmonics obtained under the assumption that the con¬ 
ducting shell consists of a continuous ocean, 1 km deep, of conductivity *]_ ■ 5 * 
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1.3 


x 10- 11 CGS U]3 = 5 x 


10' 6 and C o a m 


= 4nn>435 


2n + 1 


2n + 1 ; 


m. n .1.2 2.3 2.2 1.3 

f, .0.42 0.40 0,43 0,34 

A comparison of the values f ± so obtained with the initial values of f shows ^ 
that allowing for the conductivity of the oceans in all cases decreases the ratio j 

The evaluation of the parameter s from corrected data, performed as described 
in Section 4, yielded the following results: from a comparison of f§ and fj, s = 

= 30 ; from f * and f 2 , s > 100. 

The latter value was rejected owing to the unreliable value j2- £ *> ^ ’ 

and for convenience of calculations, s - 32 was taken. A recalculation of eq.(64) 
with the new values of the constants: 

i 

v 1J= 0.17, 4 “ °. 62 • 10 ‘? V**’ = °- 42> 

v = 0,23, 4=0,89- WqVH, /2 = °> 40 


gave the following relations: 

for P}lg* 0 - -13,31-31,41 \gq i (78) 

p 2 lg x 0 -= - 13.61 — 32,44 lg q J ' 


Allowance was made for the influence of the surface currents on the D gt varia¬ 
tions in the following manner. The internal part of the first harmonic was repre¬ 
sented by the approximate formula 


/, = 25e —0,04 (l -20) 


(79) 


(time in hours). 
For n = 1, 


D = j t [nt' - (»+l) '1 = 


9^1 = 
dt dt 


d£\ 


. 3,1 . 10-'* e - lun <'- 30, + 5,6 • 10 -V-°' O4(, - !!0) , 
L\~- 1,34 • 10 s , 
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C 0 D 4,2<r 0 - 03 “ - !0 , + 7,5e- 0l04(, - ! °). 

Tor t - 20 h t i C 0 D = + 3,3 £,--=55 — 3,3=52, 

„ t = 30 h« C 0 D - -(-1,6 £, = 45 — 1,6 = 43, 

. * = 60hrjC 0 D - -0,4 £, = 25 + 0,4 = 25. 

Whence may be approximated by the expression 


£, = 52? 


- 0,018 (/ — 20 ) 


The revised value ofm (t) for t = 30 hours in completely identical with the pre¬ 
vious value. Indeed, for t = 30 hours, 1^ = 18 - 0.8 = 17, and cp(30 hours) = = 
0.33. 

For the new values of the constants (v = 0.1, a = 0,018, t = 2.3 x 10‘ 16 K o q 2 ), 
the numerical quantities entering into eq.(69) are somewhat modified, and q and Kq 
are connected with each other by the following equation: 

, 0,67 = 10,8x 0 °' , 9 3,! +1,04-lO'Vy-’ + g.M- lO'W'V (81) 

On solving eq.(8l) in turn by the first and second equation of eqs.(78), we get 
the following results: 


0.949 

2.5 • 10“ 13 


0.921 

3.7 • 10 -13 


Since the mean value of k'B for the upper layers of the earth is obviously less 
than the ^value 5 x 10 ^ CGS taken by us, the most probable values of the parameters 
q and may be expected to lie between the above values and those calculated in the 
preceding Section. 

Section 6. External and Internal Parts of the Harmonic of the D jt Field 
i 

In the present Section we shall discuss the application of the Lamb—Price in- 

, I 

duction theory to the third order harmonic of the D gt field. From eq.(42), which 
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holds for the case ,i = 1, it follows that«p(t) > 0, since all terms of the series 


oo 

VI g - m s‘ — tV 

A (A - v p) 


are always < 0. 

Indeed: for s < p, x~ < xj-, and a s < s h , consequently e - e ^ > 0 , and 
K s “ K n < °J for s < p, x 3 > and a n > a i>> consequently c sL - e p > 0, and 


9 9 

*s - x r> > °- 


From this it follows that each term of the potential of the induced fields 

■ -a[?L 

I in *'(t) will be of the same sign as the term of the inducing field E„ (1 - e ) 

ft i 

jmh 

corresponding to it, and the ratio -1!— for any instant t must lie within the 


limits* 


0 <•..=*■< 1- 


Accordingly, the negative ratio — for the harmonic (cf.Table 8) is very 

surprising. The data obtained earlier by other authors (cf,Table 8), however, do not 

contradict our results. It will be seen from the Table that the negative values of 

— for the harmonics P Q and P n are also obtained by Me.Nish in the spherical analysis 
E * ' 

of D . The values of the coefficients E and I for the third and fifth harmonics in 
m 

the Chapman-Whitehead analysis are at the limit of accuracy of the analysis. But all 

13 • I 5 

the same it does seem possible to assume that with these authors —- < 0, while —— 

1 l: -3 fc 5 

>0. A positive sign for —— was obtained only once by S.Sh.Dolginov, in the analy- 

k 3 

sis of the noncyclical variations. Thus the four spherical analyses of the aperiod¬ 
ic part of the storm field, made by different authors and from different starting raa- 

* The erroneous assertion of Chapman and Whitehead that can vary within any lim¬ 
its from - 00 to + ® is connected, as was shown later by Chapman and Lahiri, with 
the failure to allow for the free damping currents, which has already been mentioned 
in Section 1 of the present Chapter. 
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. 'favor of the alternating sign of the ratio JL:. 
terials,'all speak in agreement in favor ol b 

( I 

.(>0 to rP^P*-, /< 0 i° r P * HP7 ' 

I h 

^ . p D aS for we calculated the internal field I 3 corre- 

For the harmonics P^Dgf, a 3 iox p 

, , „ T 7 _ n _ o ea.(/* 2 ) assumed the form: 

spending'to the external field %. For n 3, eq.14 

_j. «•*’< _,-«•»*'? ] ( s 

2 . io-Ve-v xi 2 i —J' ( . 


where ^ 


and X 3 is a root of the equation 


Fro m the tabulated values of the roots of Bessel e q uations we selected values 
of a p satisfactorily representing the observed function %(0 (see the solid curve in 

Fig.*,):/*- 0.05 and « 0 - 0.074. 

The approximate curve so obtained: 

£, = 80 (.T 

I 

. . this same figure by the dashed line. 

(t in hours) is given on this same ng 

The internal induced field corresponding to Ej " 

/ a — 80 (<Pe — *«)» 

while computational expressions for * - * ~ ^ 

Figure 45 also gives the observed field of 1,(0 (solid line) and the calculated 

field (dashed line). It will be seen from the figure that the calculated values o 

satisfactorily represent the observed I 3 . Our at 
I plotted xvith reversed sign very satisfactorily P i 

3 . • fVin cour ae of the curves E 3 (t) and. 

tention is struck by the very high agreement in the course "3 

i . x h _i. the Lamb-Price induction theory well. 
I,(t), which forces us to the conclusion that the Iamb 

in absolute value, but cannot explain the negative sign of this ratio. .. 

23L 
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The negative sign of f is possible nnder the condition that the medium in 
which the currents are indeed possesses a high magnetic permeability (a »1>. I" 
this case, eq.(W) is of the form 


m nf"+ l [_ (n+JUt *->) (1 .. *>-") + 

(0 = n + 1 1. nil + n + 1 


— an ( _ p~ at 

e 1 e 


+ 2(2n + , )P* ! ^i‘i^;Li)( W + e + l)- 0'“’l 

where the terms containing u - 1 express the magnetic induction. If the inducing 
field does not depend on the ti™ (. - 0). then eq.(6) is transformed into the ratio,- 
mentioned in Section 1, between the inducing and induced permanent magnet* fields 

na* n + ' (ii- 1) 

+ n -f-1 

Beginning at certain sufficiently large values of t, the terms expressing the 
electromagnetic induction and contain the exponential functions «-« become small, 
and „( t ) passes into the region of negative values. But such an explanation of the 

1 , a j nnp time bv McNish, appears to be implausible, 

negative sign of _Li , expressed at one time oy 

K 3 

3ince: 

1) the ratio -ii gives no indications whatever that u »1; 

on 13 maintains an almost constant negative value beginning at t - 0 hours to 
the end 5 the storm (t - 60 hours). ' Monish.s other assumption as to the role of the 
nonuniform conductivity of the surface conducting layers appears to be equally un¬ 
founded. The nonuniform conductivity of the medium leads to the result that to one 
harmonic of P” in the inducing field there correspond a considerable number of har¬ 
monics in the induced field, with coefficients depending on the law of distribution 
of the conductivity of the medium. This argument at one time was used by me to ex¬ 
plain the great variation, of JL in the longitudinal terms of the field of S q 
(Dibl.9). However, as shown by‘the calculation described in Section 5, the influence 
of the surface layers, even under an exaggerated assumption as to the conductivity 
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vol ue of a, to this »t.rial, ranges from 10- to * ’^V while - -li¬ 

es from M to 250 tan. Still, if we loave out of consideration th. considerably a or 
rent point d - « ^ - 2 - 10-, we shall note a tendency loo the coeduotiuit, 

increase with th. depth. Still seller values of a follow from the Chapman data on 

p2s (x = 0.37 x 10-12, d ■= 250 km, curve I). 

3 q Such differences in th. values of a and d, calculated Prom different cent¬ 
al material, would tend to indicate the arbitrary nature of an, sharp boundary be¬ 
tween th, conducting core and the nonconducting shell. The curves showing the n- 

, fh H „ nth aoDear more plausible. The two curves calculated 
crease of conductivity with depth appear more v 

b , me for the model d, a 0 , », that is, without allowing for th. surface Cerent, (cf. 
the curve. 5 and 6 on Fig.W) are in good agreement. Both of them indicate the low 
value. Oft (.10 ■» COS) at depth of iCO - 7CO km, and the s-p increase of k for d - 
. ,00 - 1100 in still deeper layer, a further increase of « is found, but the 

data from depths over .1500 obtained from short-period variations, ™,t be con¬ 
sidered unreliable. According to Chapman., calculations, in a sphere of uniform con¬ 
ductivity. 7* of the induced currents corresponding to th. harmonic rf, and 77* of 
the current, corresponding to F§ are concentrated in the peripheral shell of the 
sphere, 0.*, < r < Rq, that is, with our values of d, at depth, of 600 - 1100 Am. 
The increase of a with depth, of course, also increases the forward propagation of 
the currents, but still, a substantial part of the currents would hardly be induced 
at levels deeper than 1300 - 1500 km. 

The allowance for the currents induced in the upper layers of th. earth crust, 
a, would be expected from simple physical reasoning, increased the values of a (see 
curves 7 and 8). Thus, for example, at depth 1100 km, th. value of a increased fro. 
50 - 65 a 10-13 to 70 - 110 « 10-13. In the upper layers of the conducting core 
( d < 700 - 600 km), however, the corrected values of a are somewhat smaller than the 

uncorrected values. 

From the series of curves of x(d), calculated by lahiri, Fig.W gives the two 
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that he considers the most probable. Curve 9 is calculated on the assumption * 0 = 

= 4 x 10-1*1 CCS, q - 1, ■ - 37, and - 2 » 10-6 C GS. Curve 10 assumes k q = 2.3 « ' 
x 10-13, lq = 0.903, s = co, and ^3 = 5 * 10*«. Both curves indicate the shallow . 

depth of the level at which v. increases 
(d * 600 - 700 km). The discrepancy between 
the curves 7, 8, and 9, 10 can be explained 
not only by the different starting materials, 
but also by the different method of calcula¬ 
tion. One of the Lahiri curves (not given 
on the figure) is calculated under the as¬ 
sumption k q = 4 * 10' 1', q = 1, an£ l s - 30 
(without allowing for the conductivity of the 
oceans) coincides almost completely with our 
own curve 7. Thus a consideration of Fig.46 
shows that the following distribution with 
depth is the most probable. The surface lay¬ 
ers (mainly on account of the oceans, which 
occupy 0.7 of the earth surface with a mean 
depth of 4.2 km) have a very high conductiv¬ 
ity. The action of the ocean may be taken as 

equivalent to a spherical layer of conductivity «, 3 - 2 - 5 » The conductiv¬ 

ity of the first 200 km is roughly the sam as that of the dry rocks on the earth 
surface, that is, it does not exceed 10 -» COS. The induction of currents at these 
depths my be practically disregarded. A substantial increase of conductivity be¬ 
gins at depths 200 - 300 tor, while a sharp rise is located at d - 900 - 1000 km, and 
a still steeper ascent of the curves is found at depths 1100 - 1200 km. The calcu¬ 
lation of a model with a sharp surface of separation gives a moderate value of the 
conductivity. It is naturally greater than the actual value in the upper layers 



(k) from the Data of Geomagnetic 
Variations 
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the conducting core, and smaller than the actual value in the deep parts. 

The distribution of conductivity so obtained does not contradict the modern idea 
on the structure of the earth. As will be seen from a comparison of Figs.47 and 46, 

i 

the region of the earth crust (to a depth of 60 - 80 km), is characterized by very 
low values of the conductivity which, in all probability, is connected with the anis¬ 
otropic state of matter, and with the predominance of rocks with low iron content. 

A slight increase of conductivity begins from the upper layers of the outer shell 
downward, and a more substantial increase occurs in the lower layers of the shell, 
which are characterized by a change of chemical composition, an increase in the metal¬ 
lic content, and an increase in density and temperature. 

A certain analogy is noted between the curves of k( d) and the dependence of the 
velocity of longitudinal waves p on the depth. The second-order discontinuities of 
flepetti (d = 950 km) and Gutenberg (d = 1200 km) find their reflection in the curve 
of k (d) as well: at these depths, as already remarked, k (d) appreciably changes its 
direction. Thus the modification of the physical properties of matter at a depth of 
900 - 1200 km, on the transition from the lithosphere to the barysphere, may be con¬ 
sidered a confirmation of the change in the electric characteristics of the earth. 

It is true that the analogy between the curves of k (d) and p(d) noted by us does not 
by any means indicate any parallelism of the curves. On the contrary, the increase 
of the gradient of the function k (d) at depths of 900 - 1200 km is related to the de¬ 
crease in the gradient of p(d). The curve of temperature distribution given in Fig. 

47 for comparison (Tq for Gutenberg and T^ for Jeffreys) and of density (P^ according 
to Gutenberg, and ?2 according to Bullen) also confirm the changes in the physical 
properties of matter with depth. 

This conclusion as to the variation of conductivity with depth may be consider¬ 
ed a first approximation. The solution of the question of the negative sign of the 
third harmonic, and the more detailed study of the polar storms and other forms of 
local disturbances may possibly introduce substantial corrections in the conclusions 
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so obtained. In order to Judge of the nonuniformity of the deep layers it would seem 


advisable to apply the formulas of the plane problem to disturbances of local type 


s H 12 - 



__L 

JOC) I'm 


Fig.47 - Internal Structure of the Earth 

(bays, pulsations). In this way it will be possible to obtain an extensive material 
on the conductivity of various depths and various areas of the earth. 

Conclusion 

■ — —- ■—■ I 

Section 1 . It follows from all the above that the primary object of the present 
work, the construction of the electric currents causing the magnetic disturbances, 
has been accomplished. The calculations we have made are based on a sufficiently ex¬ 
tensive empirical material (65 observatories) which allows us to expect that the 
field of calculated currents will be a good approximation to the field of obser 
variations. A consideration of the morphology of the disturbances, which preceded 
the calculation of the currents, shed light on certain questions of the structure and 
geographic distribution of the field. The most substantial of them are as follows: 

1. The classification of magnetic storms and the separation of the storm field 
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into its component parts. It appears to be most correct to divide storms into two 
ml „ categories, worldwide and polar. Polar stores reach their maxima. “ 

the auroral cone, and manifest thesmelves in the saddle latitudes in the ion. of 
small bay-shaped disturbances. The field of polar storms depends on the local time 
and has no aperiodic part symmetric with respect to the earth axis, just as it has no 

I 

prolonged after-effect. 

The data on worldwide storms collected by us have confirmed the advisability of 
the separation of the regular parts, the D, t and the S D variations, from the disturb¬ 
ance field, as proposed by Chapman. Worldwide storms, in our opinion, are always ac¬ 
companied by polar storms superimposed on each other, and therefore the field of a 
worldwide storm should be divided by the means of the four-term formula 

D t ,+ S 0 + P + D r 

2. The worked-up data on the D, t variations of a worldwide net of observatories 
have confirmed the fundamental features of the structure of the field described earli¬ 
er by other investigators (position of the vector of the disturbance in the plane of 
the magnetic equator, low dependence of the field on the longitude, form of the D st 
fluctuations of H and Z in the temperate latitudes). 4 more detailed examination of 
the question, however, by means of an evaluation of an estimate of the values of H 
and Z for the quiet intervals on days of worldwide storms, has shown that the D >t 
field does not have a sharp increase in the auroral cone, and varies smoothly from 

equator to the poles. 

3. The Sp variations, on the other hand, do have a sharp increase in the auror¬ 
al zone, and the form of S„ is determined primarily by the distance from that zone 
and by the local time. The S„ variations of the magnetic elements have been used to 
pinpoint the position of the zone. The data used by me have compelled me to place 
the position of the zone considerably further south than the Vestine zone. No de¬ 
pendence of the S„ variations on Universal Time was detected. The form and amplitude 
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1 

of the variations in the region near the pole have been elucidated. 

U. It has been established that if the D„ t field is considered as a function of 

* and r, and S D as a function of and t* then there are no substantial anomalies 

in the geographic distribution of D x and s Tn •, 

st S £)* Particular , the complete normality 

of the disturbed variations at Huancayo has been specially noted. 

5. A,consideration of the geographical distribution of the S D variations has 
shown that the linear current flowing in the auroral sene cannot explain the middle- 
latitude part of the field. For this reason it has been shown to be more correct to 
take the S 0 system of currents as a system of surface spherical currents. 

The currents of the polar disturbances have likewise been taken as surface cur¬ 
rents, but extending only over the polar cap down to latitudes * - 50°. 

~ tl0n 2 ' ' eXten3i ’ ,e 3taI ' tl "S "aterials used made it advisable to calculate the 
currents of the disturbances by analytical methods. 

The D ?t currents were calculated on the basis of a spherical analysis of the 0 3t 
variations. For calculating the current, 1 used an expansion of the storm potential 3 
into a series of Bessel functions. The complexity of the geographic distribution of 
the S D variations preventing me from using spherical analysis, and forced me to turn 
to the method of surface integrals. The method of calculating the external and in¬ 
ternal parts of the potential from values of the potential and Z component, assigned 
on the surface of a sphere, proposed in 1941 by Vestine, has been further developed 
in the present work. » method has been given for calculating the density of the sur¬ 
face currents from the potential assigned on the surface of the sphere. The method 
is based on the extrapolation of the values of the external potential for points in- " 
side the sphere, the calculation from it of the current density from it (by solving 
a Fredholm equation of the second kind, to which the external Dirichlet problem 
leads), and extrapolation of the function of current density for external point, at 
the distance of the hypothetical current layer. An analogous method of solution may 
be applied to the calculation of the internal current systems. All the laborious 
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operations in the course of the calculations of the currents by the integral method 
are now reduced to a single type and allow use of the very same overlays to facili¬ 
tate the calculations. A consideration of the accuracy of the method lias shown that 
the errors of the mathematical operations themselves are considerably less than the 
accuracy of the initial geomagnetic data. The accuracy obtained as a result of the 

calculations performed is sufficient for the construction of a general picture of the 
currents. 

The method can yield good results only in the case where the radius of the 
current-carrying layer differs little from the earth radius. But since in most geo¬ 
magnetic problems, both for the main and irregular fields, this condition is, satis¬ 
fied, it follows that the method may be recommended for the investigation of a number 
of questions, as for example the construction of the currents responsible for the sec¬ 
ular variations, the study of magnetic anomalies, and the like. The possibility is 
not excluded that the integral method may also find application in other branches of 

geophysics, replacing spherical analysis in the case of fields of rather complex 
structure. 

» * 

SectiorO. The current system of the D st variations consists of current lines paral¬ 
lel to the circles of latitude. It differs substantially from the well known system 
of Chapman by the fact that there is no crowding of lines in the polar zones, and by 
the different signs of the current functions in the northern and southern hemispheres. 
On the basis of spherical analysis of the D st variation, I also made a calculation 
of the equatorial ring current, which yielded the following results: radius of ring 
a = 3.8R ± 0.8R; current strength I = 7 * 10 5 amp. These values were calculated on 
the basis of the ratio between the harmonic coefficients of terms of different or¬ 
ders and is in good agreement with the ideas of other authors on the ring current. 

The current systems of S D variations, like the corresponding Chapman systems, 
consists of four current eddies. The intensity and location of the polar currents 
proved to be different from what would follow from the Chapran data. The signs of 
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• „<* orirHna also constitute a 

Mph are different in each pair of eddies, a 
the current functions, which are an 

substantial difference. currents. 

, thp p_ 3 terms resembles the polar part of D 

The current system of th . dafca of the So 

A calculation of the linear current alon^tn. « - „„ th3 

. Mith the crowding of the curre 

variations is in „ th3 Unear current, Cased on four pairs 

M p „f surface S D curre the floctua tions of th. height of the 

of Arctic stations, allowed m .to ^ throus hout th. course of the 

U „,ar current, of its intens j. a analogous results of other in¬ 

day. The results proved somewhat different 

vestigators. rluolU ation. of the S D and D st currents 

In this work th. seasonal and 11 J var- 

• a a It has been found that the intensity of th. D, t 
nave been considered. displaying the lag in the epochs 

ies rather regularly throughout 7 ^ ^ ^ ^ ls .haracter- 

0 f th. maxima by 1 to 2 years with respe ^ ^ 33a sonal fluctuations of 

istic of all phenomena due to corpusc ar ra corpu soular 

► th. ,t—- — - — zz:z ~ ^ — 

• • of the ring current: the maxima in the equi 
origin of the ring Rar tels effect. 

the Corti effect, the additional maximum in y dlffer .„t at 

The fluctuations of the S D currents are »ch more — ^ ^ 
different latitudes, the U-year fluctuations in the " - ^ indexM 

- eddies do not display a good —n.^ "platitude eddies have 
Small displacements of the lines of the are con9ide rably greater 

a -rises Tl-vear fluctuations of the poj. 

been found. The 11 ye auroral zone in years of 

vdth respect to their intensity and to the P the currents, and there 

ugh aetivity, there is a marked — latitudes. The seasonal 

is also a shift in th. position tho3e ot the polar eddies 

fluctuation of the mdddie m the epuinoetial months and 

W are considerable. An intensification of the 
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Section V. The ^ ^ ^ plctur „ depicting the regular 

storms are in good corre p -idered showed that in all 

, field The 26 individual cases considered showed 

part of the disturbance field, m average sys- 

• of the current eddies are the same as in the averag 
cases the position and signs of the curren 

....,.,™ - - - - - - - r::: - 

r rr.: n— -»—-—-7 77 

t of a Stable current system embracing the entire ear , 
ical reality of the concept of a stable 

:r: - - —-— 

^Tth. location of th. currents of ^netic storms. * -cuiation o th 
nni S D variations of the ionospheric parameters has sho« that the greatest and 
regular variations tabs place in the P 2 layer. The D. t variations of 

III OT the P 2 layers dispUy a two-phase character at all in the^anh 

middle latitudes, the first phase is characterised by an mcrease in io 

sity, the second by a decrease. In the e q uatorial latitudes, on the contrary 

-a.- This lack of correspondence between 

first phase is negative, the second positive. This lack of 

field and fOp and also the great regularity of. 
the D„t variations of the magnetic field and 2> 

• u • wnt in the D * of the ionospheric para 
the D a , of the magnetic elements - which is absent .t 

. . nmpnt of any possibility of explaining the D gt vana- 

meters, forces complete abandonment of any P° 

fV ,_ nnntrarv supports the hypotheses of an 
tion by ionospheric processes, and, on the contrary, PP 

extra-ionospheric ring current. . 

The S D variations of f% are si^lar in their geographical distribution the_ 

S variation of the magnetic elements: at latitudes higher than t - W > S D repre -,. 

° , . tt. evening and a minimum in the morning, 

I sents a simple wave with a maximum in the evening 

,, . r* ±. u« extreme values is reversed# 
while in the low latitudes, this relative position 
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This resemblance makes it possible to explain the S„ variations by cnrrents in the 
P layer. 1 The possible mechanism* of —ion oT these cnrrents have been investi¬ 
gated. The valn.s oT the conductivity oT individually layers oT the — ere 

the direction of the M gnetic field (o 0 ) and in two directions perpendicular 

1 • nd' it has been found that for the F 2 layer, the 

(a l an d a 11 ) have been reviewed, and it has been 

, . he veloci ty of the mechanical displacement of the gaseous masses 

conductivity along the velocity ^ muld ap _ 

(„!!) is greater than the conductivity of the dynamo effect (o ). ' 

^ar that the dyn^o effects can hardly have the decisive role in the — 

ts The currents induced in the ionosphere by the alternating magnetic 

the S D currents. The cur In al! probability the 

field of the equatorial ring current are likewise y 

1 f * nlaved by the currents of latitudinal 

greatest part in formation of the current is played by 

. h drift effect or owing to the moti 
direction which either arise owing to the drift 

r Id of the ring. The experimental data known from the liters ure 
earth in e e f lh ioni zation density in the F 2 

to the vertical motions or the vertical gradients of 

y , which are partially increased d.ing the time of a disturbance, allow - 

consider that the drift of charges under the action of the magnetic and gravitation! 

i ds is, not eliminated, owing to the e q uilibri,mm between the force of gravity and 

in the gas and consonantly, .y be adduced for the explanation 
the partial pressure in the gas, anu m 

I have schematically shown here that, owing D 

of the magnetic variations. I have schema direc _ 

. iL. ij laver, currents of latitudinal 
variations of the ionization density of the ? 2 lay , . 

, tlon 0 f current systems resembling the middle-latitude part 
tion may lead to the formation of current y 

of the S D currents. . D s . varia tions, and 

Suction 6. The separation of the observed potential o st> D 

- n ^ an internal part led to the following results. 

p-storms into an external an . Consider- 

The ratio -1 for the first harmonic of the D st field is a ou . . 

/f Id to arise by induction from the external field, I calculated 
in* the internal field to arise ny m 

by the Iamb-Price formula that the conductivity of the earth core (corresponding 
' L 0.10, ..«■ 10-» CCS, and that its radius is 0.91H. If the influence 

El 
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th e superficial conduct layers is taken into account, however, and ft. conductiv¬ 
ity is assumed to increase with depth by the exponential law: 

« = *• ’• 


5 = 26, p = O,31/?*i.ax 0 = 4. 10 ' 3 . 

The curve relating , to the depth, calculated by this formula, discloses the 
sharp rise of a at the depth 900 - 1200 km at which Gutenberg and Repetti found dis¬ 
continuities in the variation of the velocity of longitudinal seismic waves. Thus _ 
the information on a obtained from magnetic data does not contradict the modern idea 

of the structure of the Earth. 

The mean ratio -JL. for P-storms was found to be 0.86. To use these data to 
judge the structure l/th, Earth, I solved the Lamb problem in cylindrical coordi¬ 
nates. The numerical values of « according to the data of the ± of various terms 
of the P-storm potential ranges between 10-12 and »■!*. In spite of the great scat¬ 
ter of the values of a, these value, do not contradict the conclusions drawn from the 

first harmonic of the D gt variations. , 

The ratio I for the third harmonic of the D gt variations was found to be nega¬ 
tive. Comparison of this conclusion with the data of other authors compels belief 
in its authenticity, but it does not appear to be possible to verify xt from the 
viewpoint of the induction theory (under 'the assumption of the spherical symmetry of 
K ). The possibility is not excluded that this result may indicate the existence of 
great nonuniformities of conductivity in the depths of the Earth. At the present 
time, however, this question still remains open. The ratio for the S Q vari¬ 

ations ranges from 0.79 for the middle latitudes to 0.89 for the high latitudes. 

This value differs appreciably from that adopted by Chapman for the entire Earth, - 
_JL_ = 0.6. The latitudinal dependence of _JL_ for the S D current may similar¬ 
ly ^considered as an indication of the absence of spherical symmetry in the dis- 


F-TS-8974/V 


27i 


iroved for Reli 


16028201 1 







C06028201 


roved for Rel 




06028201 



tribution of k. 

Section 7. All the arguments of morphological and physical character advanced in the 
present work compel us to accept the following mechanism of formation of magnetic 
storms. A powerful corpuscular stream arriving from the Sun acts in several ways on 
the geomagnetic field. First, interacting with the geomagnetic field, it leads to 
the formation of an equatorial ring of currents, whose field produces the D gt varia¬ 
tions of the magnetic elements. Second, as a result of the drift of charges, or of 
some other mechanism, electric currents are generated in the upper part of the iono¬ 
sphere at both high and low latitudes. Since the conditions in the ionosphere are 
substantially related to the solar altitude, a characteristic property of these cur¬ 
rents is their dependence on the local time (the Sq variations). And third, a cer¬ 
tain part of the particles, becoming detached from the body of the ring (or from the 
corpuscular stream itself), are directed under the action of the magnetic field to 
ward the polar regions, where they penetrate deep into the Earth atmosphere (to the 
levels of the E and D layers of the ionosphere), causing auroral displays and intense 
magneto-ionospheric disturbances there. The polar magnetic storms connected with the 
immediate processes in the ionosphere are of very local nature, and their course is 

i 

governed by local time. 

Thus the field of world-wide storms always contains three components: the D gt 

i 

variations, the S Q variations, and the P-storms. The fluctuations of the D gt and S D 
systems, and the superimposition of P-storms differing in form and intensity, gives 
the fluctuation of the magnetic elements a complex, random character during world¬ 
wide storms. The storm field also has smaller irregular fluctuations (D^), which 
may perhaps be connected with some ionospheric processes of more local type. 

Less energetic solar streams do not lead to the formation of an equatorial ring, 
nor of ionospheric currents. The particles of such streams, detaching themselves 
immediately from the body of the stream, proceed to the Polar regions and cause Po¬ 
lar storms there. Thus the P-storms can be observed even in the absence of world- . 
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wide storms. not answer aU questions 

It goes without saying, of course, that 

—- - — * - - * 

sihle investigations in the domain o ^ no phy3lcal explanation of the - 

the disturbed ionosphere have not be 

J f Tn this work we have only considered 

r - :::r -.. - ~ 

■j . — -•»—-—•«—™ “ ■“ 

Of the formation of the currents may be sought. 

X„ studying the morphology of the fie, of .gnetic storms in the f„- 

ular attention must he paid to the individual fluctuations, to the ~ ^ 

the field Dl on which the present work has no bearxng. It xs necess y 

... bv analyzing the individual phenomena to con- 

dating the statistical regularities, or by analysing 

firm, on a large amount of material, the proposition here enunciated 

that the individual fluctuations during worldwide stents, noted on the magne 

in the middle latitudes, are the result of the supposition of polar store* piled 

one on top of the other. 

noil acted a large amount of factual material on the 
In the present work we have collected a xarg 

, have „iven a representation of it in the form of current sys- 
regular variations, and have given a rep 

terns. This Serial, it sees* to us, he of great us. in the solution of - 

pg practical quests reduction of the .gnetic observations to the mi 1. 0 
the year, and short-term ^gnetic forecasting. The methods of reduction .misting 
the present U-. for day, that are not ^gnetically quiet, are very dmperfec 
are particularly suitable for high latitudes. ». systematisation of the regular 
disturbed variations, and the calculation of the current systems, will h.-P ■ 
uate the possible deviations, d^ing a disturbance, of the values of the magne ic 

I eiesmnts from the noP and to interpolate «or extrapolate, the ~ 

. . Tt a i 30 geems to us that the representation of the 

for the points of observation. It also se 
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a^age Lr.nt system of a magnetic etc™ will help to increase the accuracy o _ 

geographical —ion of the degree of —ce by time - <ay, - ° -~ 

at . the amplitude of the poesihle fluctuations, hoth of which accomplishments ar 
issary for shorts forecasting, fhus it is desirahl. to centre the consid.- 
ation of the morphology of disturhance presented in this worh, and to give 
a- utilization in practical problems. 

convenient it is necessa^ to continue the study of the morpholo- 

To a stm 6 . . • n and S of the disturb- 

J • oraVsoTv. The regular variations of D t ana 
gy of the disturbed ionosphere. The regular 

ionosphere that hare heen consider, in this worh should he calculate f r «. 
.argest possible n^er of years and points of observation. The study of the mor 
phoiogy of the disturbed ionosphere is not only of theoretical value hut n 

eat practical value for the — of shortwave radio c«nicataon throu , 

the ionosphere. In view of this fact it is ^equate to have * 

presentation of the geographical distribution or fluctuations of S D and 0 3t , 

* is necessary to have a distinctly elucidated picture of each observatory separa - 
C Of particularly great interest is the study of the polar ionosphere, the proces¬ 
ses in which are the cause of the polar magnetic storms and of the high-lat u e P 

" r:". - calculating the current system from the data of geomagnet- 
ic variations, the integral method developed in this worh has enabled us to obta n 
the numerical values of the external and internal potential, and of the curren - • 
tion, with sufficient accuracy. In future, however, in cases where it may be - 
ficient to obtain only a rough picture of the distribution of currents, or when th 
eparsity of data ^es it impossible fully to utilise all the advantages of the me • 

' ot , it will still be possible to use an approximate method employing the ana yt ca 

’ . , h -| em3 of geomagnetism on the basis of an 

technique for solving the fundamental problems g 

extensive empirical material. 

Th . question of the mechanise of excitation of electric currents in 
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sphere may be considered as having merely been posed in the present work. 

I shall consider my object achieved if the present work attracts attention to 
the studj 1 - of magnetic storms and thereby encourages the further development of the 
theory of geomagnetic variations. 
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The reduction in the noon ionization in midsummer is attributed by 
Appleton and Naismlth to this circumstance [£>], 


Simultaneous and coordinated studies of ionization in the 


northern hemisphere (Washington, (p *39° N) and the southern hemis¬ 
phere (Watheroo, (f »30° S), conducted by Berlcner and Wells [ A], 
demonstrated the untenability of the hypothesis seeking to explain 
the summer behavior of ionization in the F layer by the heating of 


the ionosphere 


According to the observations at Washington and Watheroo, 
located almost symmetrically with respect to the equator, no summer 
effect on ionization of the F layer is observed. The summer ef¬ 


fect in the northern hemisphere proves to be general and simultaneous 


throughout the entire earth, and is thus observed in the southern 


hemisphere in winter, when the possibility of applying the heating 


hypothesis is excluded, 


Moreover, according to the theory of Appleton and Naismith, 
the ratio of summer ionization density N to that in winter N is 


Here T and T are the winter and summer molecular tempera¬ 


tures, taken as proportional to the electron temp? rature. On ap- 


plyhg this expression to the Washington observations, we obtain a 

T 

ratio of the summer molecular temperature to the winter, i,e, 


equal to 300, while according to the Watheroo observations this 
ratio is 2. Thus the temperature in the ionosphere over Washington 
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In the course of his own detailed analysis, 
to the conclusion that there Is also a half-year period In the io¬ 
nization of the F £ layer, due to the existence of active zones on 
the sun (at the average latitude of t l5° at the time of the maxi¬ 
mum) and to the fact that the sun's axis of rotation is inclined 
to the plane of the ecliptic. In consequence of this, the earth 
on its orbit passes on 5 March and 7 September through those sectors 
most subject to solar radiations, and, conversely, passes in June 
and December through those sectors of its orbit that are least sub¬ 
ject to solar radiation. 

The existence of more complete experimental data than those 
at the disposition of Berkner and Wells, and likewise of Eckersley 
and others, now allows develops! of the work sconced by them 
up to the liadt at which it will be possible to obtain computational 
. . .. ,_+Vv, nnt.imum freouencies of radio communi¬ 


cation. 


e results of the ionosphere observations made at Wash- 
1933 to 19 U5 are represented on a diagram f^ Q > 

» curves shown on Figure 2. This figure shows the be¬ 
ne critical frequencies for the E and Fg layers, day and 
ng the course of each month and year of the 11-year cycli 
m or the flat curve characterizes the mean annual values 
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oauaes that produce variation in the march of the critical frequen- 
ciea, Lokersley [$] has expressed the opinion that the causes pro¬ 
ducing those variations do not depend on the number of sunspots and 
have no connection -whatever with any of the solar radiations. If 
the cause of the annual effect were the ultraviolet radiation of 
the sun, it would only be observed by day, but if it were due to 
causes not depending on the sun, and arising, for example, in stel¬ 
lar radiation, then the maximum effect would obviously be determined 
not by solar time but by sidereal time. Thus besides the noon max¬ 
imum in December and January - for the northern hemisphere « there 
should also be a nocturnal maximum in June and July, 


Eckersley confirmed this opinion of his by the observations 
of the march of nocturnal ionization of the F 2 layer made at Tokio 
and published in the paper of Maeda, Tukada and Kamochida [6] 
(Figure 3). 


The observations of the Japanese were quantitatively inade¬ 
quate to dispose definitely of the discussion provoked by Eckersleyts 
hypothesis of the galactic origin of the ionization component res¬ 
ponsible for the annual cycle. 


The results of the observations of the critical frequencies 

f p 2 oF the F 2 lajrer at ni 6 ht » and of the minimum critical frequenci 
f ^2 in the early morning hours at Washington, as shown on the top 
of Figure 2, confirm Eckersleyts hypothesis, since the maximum ioni¬ 
zation effect in these layers on a summer night represents a regular 
phenomenon over the course of every 11-year cycle. 
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March 


March 


[All months at top and bottom 
apply to each year] 


_Tokio 

Washington 


[All months apply to each year] 
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This phenomenon may be even more sharpy emphasized by re¬ 
presenting In polar coordinates the observations shown In Figure 2, 
as we have done in Figure 4, and then, after calculating the month, 
ly means for the noon night and minimum critical frequencies, for 
the year, over the entire 11-year cycle, also representing them in 
polar coordinates. (Figure 5), 
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cycle, he found, on ^ ^ anpllt ude was t 20 per cent of 

tion, that the mean va ue ye3 r) march 

the level of the mean annual value of 

in the variation of atmospheric ionization. 

disposal W more oonplete materlals ooverine t 
since we now',disposal ■ the sajne con . 

fPipure $), we can noW P roceed 

whole cycle, n , d of the annual com¬ 

mon on the magnitude of the mean ^tude 

ponent, in the fluctuation. 

. . of the general curve (Figure 5) 

Thus one of the components of t g 

Tnu3 oj» * depend on 

i yrh f‘ d( P“ (t) is a 0UrV ® d 
of the annual march V ^ ^utude ± 20 per 

i. n f sunspot variation, 

the 11 -year cy . EcUers ley assumed this 

cent of the level of that sec entirely correct, 

curve to he an ordinal sine-curve, hut thrs 

th t the annual variation in the critical fluencies 

ASS Ti: Fraley claims, on galactic radiation, that the 

i - -—* - ^ 


- 10 - 


Approved for ReleaseN2O&2/08611 C05824232 























M.I.IJ.HkMI.U:Tgm^jg[iirr« 


11 C0582423 




, ♦ r layer of the atmosphere during the 

::::: —rirrr. 

-rrr —«- -'» 
rr. l—- •« -»“■ “ * ”*■ ■* * ^ 


Approved for Releaserj20\K/Q§611 C05824232 
















IC05824232 





proxiniation, 


u -ip OOP •(Pi vrtdch corresponds « 

«*»« - f»““ r * “ e 9 ' 6y „ ««« 

„ ^. o£ t. tl, MW* by 

~r~* 1 


But since 


Approved for Releaseh2£KB/Q§611 C05824232 


















<f 1. an mil. pro~rti.nl » «• ° ! * h * ya "’ 

Wa find tha numerical expressions for r^ and r, on the b 
of experimental data, 

y [5], have estimated 
march at atmospheric 
ide of the component 
, This figure remains 
Thus the radius 


Berkner and Wells l M 1> anc 
In detail the various components 
ionisation. According to Eckers! 
of annual fluctuation amounts to 
true, on the average, throughout the entire cycle 
of the smaller circle r will be equal to 0.2. 


March 


value Of r to «S»1 to W» orotn.t. 

(Rg un. 6), if « I- » »»“* “™'“‘ " 1 ’"- “ , 

oomponant ,f flnotnation r, HI ^ M " 

the 11-year cycle as shown on Figure 7. 

„ n+ r is not constant throughout the 11- 
In fact, the component r^ is no 
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[All months apply to each year] 
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the semiannual component. 

4 .V 10 sn^ral curve shown on 
u we consider from year to year the spiral 

., _ ii-vear cycle of ionizs.t,'ion 
Figure h, we shall note that as the 11 1 

develops, the individual curves for each year, which at » 
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in addition to this, study of the catalog of rnagnatlo atom* 
according to the data of the Slutsk observatory of the period from 
l378 to 191U enables us to reach the conclusion that there Is a sharp- 
* expressed semiannual march of the number N of magnetic storms, 

*th spring and fall maxima (cf. table of Cstribution of the number 

of magnetic storms by months). 

[See Table on following page) 

Figure 9 is a polar diagram of the distribution of the num- 

Mr Ot ,,-wtic to -««. '”>■ a* fr “ 18,6 *° 

, + _ +i,is diagram is the number of magnetic 

19lU. The radius-vector of this caagiaj 

i -tp in the given month during the period from 1878 
storms taking place in tne givt.ii •» 

to 191U, while the argument is the time of year. 

J>EC 

OCT{ | 5 lutsi\ rig, 


v sve rduovIsk 


-March 

4f-M£ Aid 

{pe.ll- 


—1— 

;j\jn)6 

Figure 9 


The construction of this diagram confirms the existence of a 
,miannual wave in the curves of geomagnetic activity as well. This 
lenomenon, known by the term Corti effect, subsequently termed Corti 
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Felit3yn effect (after Felitayn [8] refuted tlie doubts of Xu. Bartels 
as the existence of the effect), arises in consequence of the fact 
that the geographic latitude (breadth) of the earth's equator does 
not coincide with the latitude of the sun's equator as we have al¬ 
ready pointed out. 


The diagram of magnetic-storm statistics (Figure 9) Indicates 
to the same extent the existence of a definite zonal character in the 
active areas on the sun, to the same extent as on the diagrams of at¬ 
mospheric ionization, and confirms the view that the direction of 
the stream of solar corpuscular radiation which produces geomagnetic 
storms, is primarily normal to the surface of the sun and has a small 
solid angle, which according to the investigations of M, N. Gnevishew 
and A, X, 01, is equal to 8 or 9°, 


On the lines of radio communication studied in 19l4i according 
to the operating data of a number of radio lines, the semiannual 
march of geomagnetic disturbance in the ionosphere is likewise strong¬ 
ly reflected, as is well shovin in Figure 10. The curves characterize 
the operation of the main radio lines under investigation during the 
day when the magnetic characteristic is equal to 
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The time, by months in 19Ult, Is laid oJ 
abscissae, and along the ordinates is plotted 
cent, of communication interrupted equal to 


scheduled operating tin®, and f is the actual time 


whore 


operated. 


be even more clearly illustrated « une 
B out of the curve for M > 1 and the curve IV 
on the diagram of Figure 9 (curve K). Here, 

.g the ordinate of the curve M*0 from the or- 
y l ) „ e eliminate the influence of the various 
with radio communication, other than the in- 
iturbanees in the ionosphere. 


too, in all seasons, of tne geoacuxv* —- 
the corresponding hemisphere of the sun (which 
ality of the ordinates of autumn and spring 
nted out by Felitsyn [S] on the basis of a study 
prominences. We see the same thing in Fi^re 9 
number N of magnetic storms as well. The spring 
,rms according to the Slutsk catalogue is dominant 
3 . The march of the magnetic storms according 
atalogue is shown by dotted lines on Figure 9 as 
he number N of magnetic storms during the four 
191*5. The continuous thin line shows the mean 
itnrms according to the Slutsk catalogue. 
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Christy and Carrington [10] first directed attention to tho 
zonal character of the active zones on the surface of the sun, which 
produce the semiannual wave in the march of atmospheric ionization 
(Figure 8) and in the march N of the number of magnetic storms (Figure 
9). Subsequently Sporer [11] established his law of the movement 
of the active zones during tho 11-year cycle. The accumulation of 
now data after the investigations of these astronomers now makes It 
possible to construct a diagram (Figure 11), on which the march of 


Cp o 



Figur e 11 


the active zones on the surface of the sun are shown, for the 8 cycles 
from 1855 to 191(5 by their direction from the high solar latitudes 
phi 0 towards the equator, together with the variations in the 
Wolf numbers W. This diagram gives a clear idea of the facts that 
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To give a graphic representation of the picture of variation 
in the intensity of solar activity throughout the 11-year cycle, 
the dependence of "W" on Of (solar latitude) is shown in polar 
coordinates on Figure 12, for the minimum, mean and maximum Inten¬ 


se curve W » f(^ e ) (Figure 12) may be generalized by an 
enveloping curve, known by the tens "rose", expressed as follows 
in polar coordinates: 


is the radius-vector, varying from 
varies from 0 to 360 degrees. 


where 


Expression (10) may be transformed into a formula serving 
to forecast the Wolf numbers ( 1 ) 1(1) See the author's disserta¬ 
tion "On the forecasting of radio communications".)], as follows: 


where 


Here t is the time by year of the cycle, and P Q , 
constaits determined for each individual cycle. 


Thus, considering as we do that the existence on the sun of 
zones of maximum activity emitting a more or less directional radia¬ 
tion is indisputable, it is possible for us to propose the following 
method of forecasting the semiannual component in atmospheric ioni¬ 
zation ard the semiannual march of geomagnetic disturbance and disruption 
of radio communication. 
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„ shown o» «*=• 11 W 

o„. I» eohs.nuane. "f “» «~ W 01 “ 

,0 « a»s or rotation ot .1. son, th. = 

„ of rotation, tha naxitojn radiation (radios-^ 
Looted, on th. average, towards the anal. 

„d north solar Utltod.. «4. radiu.ws.tox, 

h. ..gnituds «* “ 

,o„1 to th. solar surras. •* th... pla.as -* 
oorposoular and mtr.rt.l.t relation dortng tl 

num activity (Figure 13). 


of rotation is inclined to the plane 
of 7.2 degrees. The figure of rotati 
, axis, subjected to section at this a 
nart as the paraboloid of rotation 


cutting the paraboloid of ro- 
a nd oassing through the origin 


The equation o. 
tation at the angle o 

of coordinates, is: 


(Figure 
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Equations (12) and (12') yield 

\J Z = x (Zp c£sT ~ *)• 

This is the equation of a circle with the origin of coordi¬ 
nates lying on it, md the radius of which is determined by the ex¬ 
pression QOS 

p = P CoS ? 

and. is located along the x axis# 

In polar coordinates expression (13) takes the following form: 

p — 2f COS ^ 

The curve presented on the lower part of Figure 13 is a sec¬ 
tion of the northern and southern paraboloids of rotation and is a 
lemniscatoid with the following equation: 

p 2 - 4r 1 CoS 

This curve belongs to what is termed the class of sinusoidal 
spirals, for which the general expression is of the form 

= e t" 

If we compare the curves that characterize the march of 
the critical frequencies at their maxima (Figure U), and the values 
of the march of the number of magnetic storms obtained as the mean 
of the data of the Slutsk and Sverdlovsk catalogs (Figure 9, curve 
marted "mean") with the curve in Figure 13 (lower part), which is 
expressed by Equation (15), by superimposing the curves on the same 
chart (Figure lU), we see that equation (15) does not accurately cha 
racterize the distribution of magnetic storms. 

25 
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ta +,ha throe basic conditions 
Cassini ovals corresponding to the tnr 


are plotted on Figure lit. 

„,, rVB I — is expressed by 
The first case — curve 1 

J „ „ urve XT - is the Bernoulli lent 

the second case — curve ij. 


^ r r-«, 3 ed by the equation 


curve III 


s net of sinusoidal spirals (Figure 1U), w» 
annual march of the mem v,.ues for the number of * 
obtained by averaging the statistical data published 
, catalogs of magnetic stems (Figure 


curve 


judging by the coincidence of the curve 

indicated by dots on Figure lU, idth curve 1 ° 
it may perhaps be considered that the annual . 
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where the parameter 


13 =77 

J 


„ th. via, of h, Which 1., oh • —*» 

to th. sacular »«roh of Nwi <». n»«.r of «■* " lich 

„. r i, readily d.t.mln.d on th. teal, .t «- 6 o.d oorr.l.tlon o£ »» 

„th th. Wolf «.h.r. W < 1 >UU S0= oh her p.p« hy th. author i» «*• 
journal.] 

Thus instead of parameter (A.) we may write 

4 


The value of 


within this parameter, is constant for the corre* Cassini oval 
[Equation (17)]* The numerical expression for 't may be deter¬ 
mined by the method of quadratic approximation of periodic func¬ 
tions, using trigonometric polynomials. 

/Moure lh). or, what amounts 
Placing, for convenience, -Jl. (Figure x«j, . 

SL ec2o ( we obtain, instead of the expres 
t.n the same thing, ,.a = sec 2 , 

sion (17) I f c.os z zy ^"2* 
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Sinoo (lS) Is a real lunation and applies to all re« 
— *©<^<+oO ^ has the period 27C, we may start out, ir 
to approximate it, from the polynomials, 

-n (4>)=&o + Z(a^oa ^+b^Sm 

m«i 


where the coefficients a m and b m are real numbers 


Regarding the function phi-psi %>(}¥) given within the period 
( OX ) as an integral weight, we set the task of reducing 

to a minimum the integral 


which by V/eierstrass's second theorem [13] approaches zero as n 
increases without limit# 


In consequence of the fact that the functions 

^(.40=1, G.cp£»Ch / ) j Ir'a.CM') = smtM0, ^0p) = 

= 6in 24^ 

tc., form a linearly independent system, it becomes possible as 
he only method, to select a system of trigonometric polynomials, 
rthoeonal within the period (-7T, +7T ) with respect to the weight 


On substituting the numerical value of in the parameter 
0 in Formula (17), aid replacing the expression p by N r 
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The curve of the seasonal marcn 01 - *- 

seen for the E layer (of. Figure 5), can also be classified, in 
first approximation, as an epicycloid. For greater reliability in 
determining the character of the curves of the general annual march 
of the variation of ionization in the upper layers of the atmosphere, 
W e have represented in megacycles (Figures 15, 16 and 17) the march 
of the critical frequencies by years of the ll-yaar cycle, at noon, 
for the F 2 layer (Figure 15). the march of the early morning minimum 
values ~ half an hour before sunrise - for the F 2 layer (Figure 16), 
and the march of the critical frequencies in the B layer at noon 

(Figure 17). To avoid complicating the picture, the whole 11- 

. affrflms. Each cycle, mdica- 
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FIGURE 20 


For the analytical determination of the snape ox — 
in general form, we present in Figure 18 the mean values of the an- 
nual march of critical frequencies for II years for the F g layer 
(noon, midnight, and the minimum values) and for the E layer (noon 

values). 
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We shall first investigate only a single curve, namely 
^ ~ (Pit) • 'fhis curve does not possess polar symmetry, inas¬ 
much as the value of the critical frequency in December does not 
coincide with the val.ua in Juno, But if the center be advanced to 
Point 2 (on Figure 19), then these values do coincide. We pass 
rays through the center 0, Joining the points of the curve derived, 
thus dividing each ray into the two equal parts b^nbg (Figure 19) 
and join the points that divide each ray. It then appears that 
the locus of these points represents a curve of almost circular 
shape and a diameter (0-2), equal to 2 megacycles (Figure 19). 

We now find that analytical egression of the values * F^_ which 
represents the radius-vector of the curve (19) in polar coordinates 
For this purpose we represent separately, on an enlarged scale, the 
central part of Figure 19 (shown separately in Figure 20), where 
the circle of diameter 2r constitutes the above mentioned locus of 


the points dividing the rays in half, 


We now determine the length of the radius-vector 


Since 


then 


The curve obtained represents the polar equation of Pascal 1 
helix, with a center which is an isolated singular point, since b 
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lows. 

On superimposing the radius-vector on the axis 

of abscissae, which is the line Joining the points of the su^er and 
winter solstices (Figure 20), we see that 

b = AL 8 a 

On the other hand, . 

2r = OA = 2k; ^ t1 ' 

on substituting fur tl,. s. 8 ..nt 0L- in tb... •««•»«» «• 

v a«. or I.« or tn. critici w— - *>» ^ “ ““ 

(£or tb. t„. ot tb. «o»b„ sol.tio.), »biob 1. proportion^, to 

tbit s,p»»t, - substituting ior tb. ..g-* « «» 

fmin, we have ■= . ( ' 

+,*** + + "" r > 

b = ‘ £ 


We obtain similar expressed and 2r for the critical fre- 
qpsbcias oi tbe P a W« <***-«« “* 

tor th. oriticsl t,.,u.noi.= ot tb. , W~, «» *»• *** 

fsrsnos thst th. «*i»» — tb. rr„u.„oi.. «r tb... l.y.rs 

it. minimum values in December, 
will be in June, and the minimum 
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Using the mean values for the annual march of critical fre 
quencies observed at Washington, putting their maximum value as 
unity, and applying expressions (26) and (27), wo have 


£ B =2sin-£t+9, 


f n =0.65 sin^t+4.92 


Pp = 0.37 s s 'iT t+ 


3il5" S\n ^-5 + ?>3.S>s 


1933 1935 1937 1939 191+1 191+3 191+5 


Figure 21 


1933 1935 1937 1939 191+1 191+3 191+5 


Figure 22 
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Figure 23 


Figure 


no cp trie —* 

In the general ca^e une 

ro^stw ,«rpoe... » *»■• 

for the critical frequencies, 

-sd fn I™,,, and "f-nj# 


M correlation W «• 3 “ — P '' r " 

sate number of this Journal.] - *« —*** 
b (Formulae (22) to (25) )> 
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% m 2r 3in T t + V 

^2 - 2r l sln t t + ^W' 


t » 2r 2 sin £ t + 1" 


f » 2r, sin t + f . 
E 3 (» W 


The values of r, rj., r 2 and r^ are determined by formula (27) 
where there is an experimental value for the December value f max or 
the June value fjnj. n . 

The character of the variation in r, r^, r 2 and rj during 
the past cycle in the areas of their maximum values is depicted 
on Figures 21-2U. 

It may be seen from studying these diagrams that the course 
of the curves differ. The variation in the value 2r agrees with 
the march of the cyclej the same may be said of the variation in 
2ri (Figure 22) and 2r 2 (Figure 23), but 2rj varies only slightly 
with the development of the cycle. The more precise forecasting 
of the critical frequencies is limited by the inadequate accumu¬ 
lation of experimental data, which still requires considerable sup¬ 
plementation to render possible the verification and elaboration 


of our conclusions. 
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INTRODUCTION 

The study of questions concerning the origin of geomagnetic storms represents a 
very topical problem of a wide scientific and practical range; for this reason relative* 
E reat attention is at present devoted to it. The aim of the present paper apart from 
some new conclusions, is to give ft comprehensive interpretation of the results obtaine 
by us when studying the connection between geomagnetic and solar activity and 
contribute towards an evaluation of the knowledge obtained hitherto in this field of 
research In investigating the relations between the two effects the paper starts out 
with a brief discussion of solar events and the mechanism 

which is included in order to clarify the dependences given. The paper tries to point 
out the complexity of the problems solved. 

Geomagnetic storms, which according to the character of their express,on can be 
divided into several groups, are caused essentially by processes 
Sun A neutral cloud ofions and electrons of solar or,gin approaches the reg on, of th 
Earth, where ,. is influenced by the letter’s magnetic held. A, such a 
the dynamic and magnetic factors an electrical current system is induced in the . 
This leads to the compression of the Earth’s magnetic field and thus to the origin of th 
1st phase of a geomagnetic storm. As is seen, a relatively complicated mechanism 
marks the actual process of the formation of a storm. This mechanism can be divi e 
into several partial stages as a function of the place and the conditions in which these 

processes take place. 

The basic source of all geomagnetic disturbances of the external AddI are P-oo^ 
taking Place on the solar surface and in the corona. It is well known that the active 
regions on the Sun exhibit relatively strong magnetic fields which influence•*emov - 
ments of glowing solar matter on the surface and ,n the neighbourhood of the Sum 
forms of such flow and the movement of matter differ and also 
such events as observed on the solar disc, have a quite definitely defined charact . 
An important objectof present-day research is to clarify which of these processes may 

"'itTttas'important to study the composition of solar corpuscular streams and 
narticulady „ determine whether they can maintain and carry with them par. of he 
Sc fieU from the Sun. The study of this question may contribute towards 
explaining the fact that some magnetic storms are not followe y a s orm o 

13 Another open question is how corpuscular streams behave in the spa« between the 
Sun and the Earth before they reach the region of the geomagnetic field and 

“rr a fil7f““r See in the neighbourhood of the Ear*. 
dSn"S conditions and physical composition of the outer atmosphere. The 
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questions of the laws of interaction between magnetic fields and fluid-motion are also 
very important despite the fact that many new results have been obtained by observa¬ 
tions using satellites. 

The basic material for studying geomagnetic storms are their expressions as recor¬ 
ded at magnetic observatories. If, however, we wish to explain their physical causes 
and the influences to which they are subject during their formation and to contribute 
towards explaining the mechanism of their formation and their prognoses, the results 
of studying processes taking place on the Sun, which are the primary cause of geo¬ 
magnetic storms, must be taken into consideration. 

The above-mentioned partial problems show the whole sequence of data from the 
t initial impulse on the Sun up to the expression of the geomagnetic storm on the 

Earth’s surface. 

The present paper also aims at contributing, at least along basic lines, towards 
, explaining some of the above questions, particularly as regards processes taking place 

at the formation of geoactive processes on the Sun and as regards the classification of 
magnetic storms and the relations between solar and geomagnetic phenomena. 

Questions of the magnetic fields on the Sun and the hydrodynamic processes taking 
place there are discussed. An evaluation is made of the different events on the Sun 
with regard to whether they may be considered as sources of disturbances in the geo¬ 
magnetic field. Chapter II contains some brief notes on the conditions in inter¬ 
planetary space. 

It is well known that a whole series of geomagnetic disturbances occur which differ 
from one another. This question of the classification of storms is dealt with in Chap. 
III. 

Chapter IV gives some data on processes taking place at the interaction of corpus¬ 
cular streams with the geomagnetic fiel d. 

' In Chap. V the authors sum up their results of studying the dependence of magnetic 

storms on solar activity. An evaluation is also made of the results obtained up to now 
1 from which some interesting conclusions are drawn as to the causes of magnetic 

| > disturbances. 

The conclusion contains an evaluation of present-day knowledge as well as descri¬ 
bing the main tasks to be solved in the immediate future. 

, j I. EVENTS ON SUN 

^ ' 

The processes, which take place on the solar surface and which are connected with 
i the interaction of the motion .of glowing matter and the magnetic fields are very 

complicated and heterogeneous. However, one can find among them a series of proces- 
/ ses exhibiting a certain system in their occurrence and form. It is found that magnetic 

fields on the Sun have a great influence on the production of different solar formations, 
i Although it cannot yet be deduced whether parts of the magnetic fields are transferred 

I 

j 409 
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from the Suuto*• Earth'3y ca«the“ ‘fieteptey • «* ta >he ejection of 
particles from thesoUnregion. The importance of studying them 

Analogously as for the Earth, there exists atota^ found for the total field 

be modelled by means of dipo es. magnetic fields accompanying some 

reaches relatively small values compared Ration of a 

other solar effects, its dimensions show ns “ then they 

greatly ^Lmb theto^lfieldhi thiTneighbo'urhood of the Sun, which, due to their high 

spots as well as the spots themselves are mp . governed by certain 

ofdevelopment of such a region has been described in detail in [I]. 

We are interested in those formations abmitd hitherto on this question 

aTorrrr:^ £ »——• «« «* ^ 

"7) The cause! of geomagnetic storms have been hM» the °^'™“ 

on the Sun. Earlier Lmection particularly for average 

occurring in the spot regions, correlation between the two 

values from annual intervals; howeverM shorter intervals the con- 
effects decreases with decreasing leng detailed analysis 

XT," 

Certain relations have been found between t e ° CC h f ge0 magneti- 

strong flares. At present flares are.^i the world ^ no 

cally effective corpuscular streams. , . id j this pap er to the 

laws were found. For this reason increased attention pai 

question of the geoactivity of flares. of in ^ neighbourhood 

c) It has also been shown [4J tha - davs j n a magnetic 

of the central meridian (CM) Jesuits, ln aPpr “™ are the source of corpuscular 
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from the Smi»the^^yTa^he^SeUsX^rok in the ejection of 

;r:“ t soS reg ,on. £ 

Analogouslyasforrh.Earth the,.”Sy“ nd for the to,a, field 
be modelled by means of ipo es. magnetic fields accompanying some 

reaches relatively small values compared the formation of a 

other solar effects, its dimensions show its dec ' s,v fields occur then they 

ITatly dtuTbtltTaSTn ^neighbourhood of the Sun, which, due to their high 

laws while the lifetime of the phenomena which occur is not the am 
of development of such a region has been described in detail in [lj. 

W e arc interested in those formations 

r;tvai“dir»:st 

'"a) The" causes of geomagnetic storms have ^ 

on the Sun. connection particularly for average 

;r:r p 52 u -;zi r z 

effects decreases with decreasing leng o ed m A more detailed analysis 

sr. 

Certain relations have been found between t source of geomagneti- 

strong flares. At present flares are regarded rn the wo Id J „„ 

cally effective corpuscular sffeams. However as egards m^ urn ,„ e 

laws were found. For this reason increased attention is pair. 

question of the geoacUvity of flares. ^ of mameMsi „ the neighbourhood 

c) It has also been shown [4] that th , d j n a magnetic 

of the central meridian (CM) r^ute, in approxim y ^ corpuscular 
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of the causes of geomagnetic storms has still not been convincingly explained, how¬ 
ever. As is clear from the above, there are considerable differences in opinion as to the 
identification of the actual sources of geoactive corpuscular radiation. 

Let us now deal in greater detail with the most important solar phenomena from the 
point of view of the processes which take place during them and with the possible 
mechanism of their origin. 


i 

t 

I 

i 

1 


1 


i 


1) Sunspots 

It is well known that sunspots have a very strong field, attaining an intensity up to 
4500 Oe, compared with the total field of the Sun. It can therefore be assumed that 
this property plays a considerable role in the equilibrium of sunspots. The mecha¬ 
nical forces appearing during such phenomena are balanced by magnetic pressures. 
The magnetic flux passing through the sunspot region can be expressed by the rela¬ 
tion [8] 

(l) (p = j*H d a 

where a is the surface element, H the magnetic field. It is seen that a change in flux 
takes place in approximately the same way as the formation of a sunspot region. We 
can therefore assume [9] that the field already existed in the deeper parts below the 
surface of the Sun before the spot be¬ 
came visible and that it is brought to 
the surface by the action of some me¬ 
chanism. This is confirmed by the relati¬ 
vely long-term existence of solar centres 
of activity while the sunspots character¬ 
izing the time maximum of the field 
have a much shorter life. In the interior 
of the Sun, on the assumption of strong 
convection, torsional oscillations may 
be produced. As a consequence of the 
uneven rotation of the Sun certain parts 
of the mass may be exposed to oscil¬ 
lations in longitude and latitude; they 
begin to get near to the surface of the 
Sun and cause considerable distortion 
of the lines of force (Fig. 1). The pre-condition for this process is a relatively high 
degree of magnetic rigidity. For a non-uniformly rotating Sun, having a magnetic 
field, one may consider that it has lines of force frozen into its matter. Its field can 
be constant on the assumption that it is symmetrical around the axis of rotation, 

411 



Fig. 1. Distortion of magnetic lines of force near 
to solar surface at approach of torsion wave to 
equator. 
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According to the law of isorotation [10] it holds that 
( 2 ) dH/dt = (H . grad) v - (v . grad) H 

where H is the magnetic field, v the velocity of motion of the mass. 

In cylindrical coordinates R, *, 2. where R is the distance from the ax.s of rotation 
* the corresponding angle and z the distance from the equatorial plane, the above 
equation can be resolved into components. Let e» be the angular velocity so that v - 
= Ra) if the stationary state of rotation is disturbed as a result of the azimut 
removal of part of a body, the disturbance is equivalent to a tors.ona 1 magneto- 
hydrodynamic wave propagated along the lines of force. Let the motion be^defined by 

the component of the undisturbed angular 
s N velocity m 0 and the component (o' as a result 

\ of the disturbance. Analogously, let the field 

\ / ,*** H be composed of the undisturbed component 

^_/ / ,'* -'s H 0 and the disturbance field h. Then we obtain 

I • / ,' -n. (3) dhjdt = R{H 0 . grad) co' . 

\\ *, | | / !/ In the component <P of the equation of motion 

\\[« •[// there then appears only the electromagnetic 

I'l! !|l| force u\l x H] so that this component re- 

I 1 I I ill I 1 

i'll Jill duces to 

S'Si JSSS (4) 4KQR 2 {d(o'ldt) = K h o • grad) RK ■ 

III! ...... A 

JJll I J5J The permeability n, about which it is assumed 

that it is equal to one, is usually left in the 
Fig. 2. Hypothetical distribution of mag- ex p re ssions to facilitate transformation, 
netic lines of force at their exit from £ xpress i on s (3) and (4) form important re¬ 
spots on surface of Sun (vertical cross- ^ the theory/ of mag netohydro- 

section o spo . dynamic waves. They can be used on the 

assumption that the disturbance field h is much larger than the field H e , and thus the 
torsional oscillations may form a large azimuthal field h from the «mdl field H. 
meridional planes [9). Strong convection may then cause a decrease in angular velo 
city in the interior of the Sun. This fact then causes the torsional magnetohydro- 
dynamic wave to propagate along the lines of force in the direction of the surfiice 
(Fig 1). It may be considered that this torsional wave proceeds against th e equator. If 
if g 8 ets close to the surface the lines of force there form a band around the Sun^On 
’ penetration to the surface two regions with reversed magnetic polarity may then be 
formed- in one the lines of force intersect the surface in the outwards direction and in 
the other they return inwards. These regions can then be regarded as a pair of sun¬ 
spots with reverse magnetic polarity. 

Due to the high values of the magnetic field in the spots the magnetic pressure 
(/rfl 2 /8jt) here reaches relatively high values of the order of 1.6 x 10 dyne/cm .T 


' \M } It/ 

\\»!!»// 

»'ii 11f/ 

I'n |i'i 

in In» 

i ii in 
• ii iin 
i n ini 
i n iin 
i'ii mi 

•'.ii mi 

Fig. 2. Hypothetical distribution of mag¬ 
netic lines of force at their exit from 
spots on surface of Sun (vertical cross- 
section of spot). 
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maenitude causes the mass in the regions around the spots to be pressed back and the 
bnes of force lose their original vertical direction. They are defamed m the sub-surface 

lavers and above the surface, as is seen from Fig. 2. ... 

Dueto.hu relatively'strong magnetic fields in the spots and tn thmr immed,... 

“ ! „ ' hardly be released outside the regton of the Sun; . 

themovements of the ma"s here are governed by their m agne,ohyd,odynamie laws. 
Sp„"^ole hart., be regarded as a direct soup* of geontagnettc dtstur- 

bances. 

2) Flares 

Flares appearing as short-term sudden effects in the neighbourhood of sunspots are 
fundamentally characterized by a strong light increase in part of the floccular held and 
not by the ejection of matter. In a period of strong solar activity flares occur f *‘ 
ouently of the order of once in two hours. They do not usually appear at distanc 
larger fhan 100 000 km from a group of spots but always inside a facular region. It is 
often observed that in a period of flare occurrence existing filaments change or even 
disappear new filaments and surges are formed even at large distances from the flare 
Sometime’s, of course, the filaments closely neighbouring a flare 
change. It was found [11,12] that solar flares appear in the region of zero line 
magnetic field dividing off the places with opposite magnetic polarity. 

Although the temperature of the spots is relatively low much higher temperatures 
are found in their neighbourhood during flares. These are very pro a y e ec ro 
maanetic in origin. During the motion of solar mass in the magnetic field of a spot it 
can be assumed that .he electrical fields produced here may be .he cause 
currems and the latter are then the source of tremendous temperature efieas Th 
sudden origin in the form of a light increase may then be apparent as a solar flare. 

Large flams are usually conjugate with spots having irregular polarity; in this case 

t ' 1 During'theorerical C considerations tm^nvestigation was made into the question of the 

forma" on of a corresponding discharge in ionized gas considered as the probabl 
physical mechanism of the flare and the connection between flares and the surrounding 

formations was studied. . . r ._-, . . 

During motion in an electric field the electrons collide with the tons [13]. At sue 
collisions the fast electrons lose relatively little energy. On the other hand, during th 
motion they obtain energy from the electric field present. But with increasing tempe- 
Tat e the number of coins decreases which leads to a further increase tn the energy 
of the electrons. For a strong electric field this increase may continue without 
tation and there thus occurs an effect analogous to an electric discharg . 

Let the mean velocity v, the electric field E of which acts on an electron, be given by 


(5) 


v — — eE . V, 


413 
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change « energy of * **' _ _ ^ _ W)lm ,. 

me pnt we obtain 

to the magnetic field P 1 * 8 ® . , 

i tir O tvi if / ‘ _- I • 


dt »*i V 


v) dt m f \ . „ „: ves the number of 

here e is a value defining the magnetic ^hTfoTlarge val ' ue s of W,. which m ay 
* ir hns The expression in brackets is nega follows that the discharge 

"» -nhnSed escape of electron ^"oml fact that on motion 

r S sC"r,1 m^anica. force * * «] wouid rapid, change 

- 7 in, r ~ : ?£ 

helds between the spots and on the oth h ^ fidds of the spo , the 

mside the hare to be along the linesof ot sol „ matter. The complexity 

shape of which is very irregular at turbutotm^ f „,h et deta i M study. 

of ,he phenomenon under invest, gatton however q ^ MbI surface, erupt,ve 

«e flares rise to ^i^lTouthood. These appear as bnght short-term 

»-*■ hcish ' s ’ up to 10> km ' 


3) Filaments (Prominences) 

Filaments appear on the solar surface as them along the 

long dTrk gibbons. In some 

greater than^esmfnn^'h^^f^^^hm^tso^n'flv^corona^wWte^them^ftei^ 

given. At present the existence 
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magnetic arcs [15], It is assumed that a filament lies along a fine of force of a magnet.c 
field The weight of the filament mass is compensated by the forces due to the distor¬ 
tion of the lines of force, defined by the factor K. Then the magnetic pressures can be 
converted to the forces KpH 2 IU, which must be equivalent to the expression gg 
(product of density nnd gravity) if equilibrium is to be ensured. For this ,t “ 
that for the corresponding values of up and ft there be present a field H of an order 
of at least 50 Oe. Such a value H can be quite easily assumed m the neighbourhood of 
spots- the long-term duration of the existence of prominences can then be explained 
by magnetic rigidity. The mass of a filament sometimes appears as though it 
were wedged into a shallow depression in the 

beam of surrounding lines of force. Such __ 

a favourable grouping of the magnetic field ^ ' 

contributes towards the filament remaining -^ 

suspended above the solar surface for a long ^ 

time. A solution of the magnetohydrodyna- ^- - -^ ^-"s 

mic equation 

(8) 0 = — grad p + gg + x pig. 3 course of magnetic lines of 

has already been found as applied to this case, force according to Menzel’s theory. 

where p is the pressure, g the density of . . . r . c1 

the medium and the term p[j x H] expresses the force of electromagnetic origin [15J. 
The equation of the corresponding lines offeree in a prominence is given in the form 

( 9 ) / = exp [(z - z 0 )/A] 

where z gives the vertical height, A a certain constant. The shape of the lines of force is 

seen in Fig. 3. .... 1 .. 

However, such a theoretical conception expresses the carried prominence only in 

rough outlines and isolated from all the suirounding influences; (he theory of the 
origin of filaments will therefore have to be elaborated further. 

The theory of jet streams [16] is based on the assumption that a filament is the 
trace of electric currents, analogously as in a discharge tube. It is seen, however, that 
with such a mechanism the required stability, which is normal for filaments, cannot be 
ensured. For this reason the preceding theory seems more favourable for the explana¬ 
tion. 

4) Relations Between Spots, Flares and Filaments 

The laws governing the formation of an activity centre and its further development 
prove that phenomena occurring during the different phases may be related to and 
influence one another. Although the characteristic features of the different phenomena 
are quite different, as regards their duration, form, temperature and place of occur¬ 
rence some connections have been found although not always proved. The magnetic 
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fields are seen here to have a very strong effect; then, as a function of their grouping 
the partial effects may influence one another. Some scientists even assume tha the 
magnetic fields are the direct causes of spots, flares and the coronals regards t 
connection between them, it has not yet been deeded for certain whether the flar 
activate the filament or whether the two phenomena are different results of the same 
caule (change in magnetic field). Here the influences of structure of the magnetic 

field present and not only the mechanical forces obviously play a ro e. 

During activation the filament may also disappeat but often, particularly in reg o 
of strong fields, it reappears in its original form after a short time. In the soiar atm - 
sphere there is a connection between the motion of the fhass and the magnetic fields 
and current systems. This is very strong in the region of sunspots which have large 
magnetic fields. Therefore the corona above the group of spots is also strong y 
formed by local magnetic fields. Sudden changes in the.r grouping may then result 

in the deformation of the corona. . 

It follows from the above that all the events in the activity centres are fundamen¬ 
tally influenced by the occurrence of magnetic fields and their relatively st ™ ng 
on the corona and coronal formations. Particular attention must therefore be devoted 

to these ques'ions. 

U. CONDITIONS IN INTERPLANETARY SPACE AND EXOSPHERE 

An important factor in the propagation of corpuscular streams after their ejection 
from the solar region is the space between the Earth and the Sun, the phys.calproper- 
ties of which may to a great extent influence the behaviour of a moving cloud of cor¬ 
puscular particles. Definite conclusions have not been reached in deermm.ngt 
density and temperature of interplanetary mass. It is assumed that the density 
approximately 10 3 particles/cm 3 . 

Different models have been proposed for the interplanetary magnetic field. White 
earlier the field was regarded as negligible, it has been found that " 
exist regions with a rapid flow of plasma, obviously moving in ■ d.Smnt d recUons 
ri7] Many scientists assume that the magnetic field is produced here and th 
maintained by the ejection of parts of the magnetic field of the Sun °" 

corpuscular radiation from the active solar regions. The value of the mterplan y 
magnetic field is approximately 2.5 x 10' 5 Oe. Fresh data along these lines are pro¬ 
vided by investigations into the paths of cosmic rays which are influenced and guided 
by this field. It can be assumed that there exists a relatively continuous transition 
between the geomagnetic and the interplanetary magnetic fields. 

A great contribution towards explaining the conditions in interplanetary space and 
the exosphere has been made by.material obtained by means of satellites and cosmic 
o C ke t s The discovery of two radiation belts (van Allen) [18] surrounding the Earth, 
a^stances from 700 km to 60 000 km from the Earth, in which the very intense ra- 
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diation of high-energy particles plays a role, has meant the finding of a further impor¬ 
tant link in the chain of events beginning with activity on the Sun and ending with a 
geomagnetic storm. The charged particles are caught by the magnetic field of the 
Earth From the equatorial regions they move along the lines of force towards the 
poles and eause an increase In magnetic intensity. As a result of the vertical compo¬ 
nent of the geomagnetic field the motion and oscillation of the particles about the 
lines of force is damped. The inhomogeneous geomagnetic field causes the particles to 
move in the longitudinal directions on the surface of the level, forming two ring- 
shaped regions of maximum radiation intensity (Fig. 4). 


X\ /X 



Fig. 4. Distribution of radiation (van Allen) belts. 

The composition of the particles is not the same in the two radiation belts. In the 
outer belt the energy of the electrons fluctuates between 40 keV and 5 MeV, while for 
protons it reaches a maximum of 200 keV. On the other hand, the energy in the inner 
belt is quite different; for electrons it reaches a maximum value of 600 keV while for 

protons it has a much higher value (from 10 to 200 MeV). 

The density of the radiation belts is not always the same. Solar geoactivity apparent y 
causes an increase in the concentration of particles in the belts; however, calculation 
shows that the lifetime of protons of the inner belt is limited to a maximum of a few 
weeks The outer belt would also disappear in a short time (a few hours) if it were not 
for the effect of a certain source of particles and the mechanism working inside the 
magnetic field which keeps the particles in its domain although they no longer have a 

high energy. . 

There are relatively few data available on the character of interplanetary space and 
the exosphere so that conclusions as to the conditions reigning there are far from 
being complete. A further study of the phenomena, particularly m radiation beta 
could contribute towards explaining the conditions necessary for the motion and 
behaviour of high-energy particles. 
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III. GEOMAGNETIC ACTIVITY 
1) Time Variations of Geomagnetic Field 

It is already quite clear that the basic cause of geomagnetic activity is solar radia¬ 
tion. Since geomagnetic storms are only one, although the most pronounced, form 
of the set of time variations of the geomagnetic field which must be taken into consi¬ 
deration when investigating their connection with solar phenomena, it will be expe¬ 
dient to make a few brief remarks of a broader aspect on the time variations of the 
geomagnetic field in general. On the other hand, the solar radiation itself represents 
a wide sphere of fundamentally different wave and corpuscular components so that 
one can quite obviously expect different effects and mechanisms of expression, and 
this is actually the case. 

If we disregard the secular variation of the geomagnetic field, which is fundamen¬ 
tally given by the processes taking place under specific conditions deep in the body 
of the Earth, and is thus outside our sphere of interest, all the other time variations 
are conditioned directly or indirectly by solar radiation. This conditional state may be 
understood as “static” if a certain time variation of the geomagnetic field is excited 
just by the mere existence, more or less permanent and constant, of the appropriate 
component of solar radiation, or as “dynamic” if the time variation is excited only at 
sudden and substantial increases in the corresponding components of solar radiation. 

A typical example of “static” conditions is the variation of the geomagnetic field on 
quiet days Sq, and from the sphere of “dynamically” conditioned variations, a geo¬ 
magnetic storm. These examples concern direct conditions. The purest form of varia¬ 
tions from the sphere of indirect conditions is the variation caused by tidal influences 
of the Moon — lunar variation L. 

On the basis of a detailed analysis of the above types of variations we proposed the 
scheme given in Tab. I where the most important variations and processes in the 
geomagnetic field are drawn up, taking into consideration the character of solar radia¬ 
tion. 

Before analyzing it, however, a few remarks must be made on solar radiation. The 
geomagnetically effective parts, particularly of the short-wave component of solar 
radiation (X-rays and ultra-violet region) as well as of the corpuscular component 
(electrically charged particles with energy up to an order of 10 5 eV), are already quite 
well known. It should merely be emphasized that in the corpuscular component a strict 
distinction should be made between geomagnetically effective radiation and other 
geoactive radiation (the solar component of cosmic radiation with particles having an 
energy of the order of 10 9 eV). Here there are deviations both at emission from the Sun 
and during interaction with the geomagnetic field: on the one hand, one cannot deduce 
from the emission of one kind of radiation the simultaneous emission of another kind, 
and, on the other hand, the interaction of geomagnetically effective corpuscular radi¬ 
ation with the geomagnetic field can be understood as a hydromagnetic process while 
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-the penetration of the solar component of cosmic ration throngh ,h. geomagnetic 
field can be interpreted by Stormer’s theory [19] (F.g_ 5).^^ ^ ^ 

radiations and »hich in their mechanism 
and results lie outside our sphere of interest. 
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• ' Table I 

Plot of dependence of basic variations and events in geomagnetic field on solar radiation (inside square 
corresponds to corpuscular component of geomagnetically effective solar radiation) 



magnetosphere. From the point of view of solar events this interpretation can be 
accepted since a number of processes in the solar chromosphere and corona can be 
mentioned which might excite the inhomogeneities; these are particularly changes in 
the floccular fields, small flares, surges and changes in the structure of filaments. 

Pulsations: In this field of small changes with periods of the order of 1 -100 sec one 
can consider two classifications. Apart from the well-known conceptions that the cause 
of pulsations are hydromagnetic oscillations of the plasmatic medium of the Earth s 
magnetosphere, excited by the interaction of the solar wind with the surface of the 
magnetosphere [21], we can also take into consideration the conception that in some 
cases the occurrence of pulsations is facilitated by the increase in conductivity of the 
ionosphere at a bay disturbance [22]. As regards solar causes, for the excitation of 
oscillations one must probably again assume density inhomogeneities in the solar 
wind and thus also similar causes as in the case of sudden impulses. We have, however, 
preliminarily pointed out some specific features, apparent in the fart that day-type 
pulsations pc [23] exhibited a tendency to more frequent occurrence after the passage 
of active solar regions with flare activity through the central solar meridian while 
pulsations of the night type pt showed a tendency to greater occurrence after the pass¬ 
age of regions with probably “quieter” emission of corpuscular radiation [24]. 
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Bays: With these disturbances of a regional character we are also forced to make a 
double classification. The direct condition is obvious, particularly for those bays 
which actually form some geomagnetic storms and disturbances with a gradual com¬ 
mencement (g-storms) and it also follows from the possibility of the prognoses of such 
bays on the basis of the character of the solar situation (see Chap. V). Other bays, 
particularly those which substantially participate in the daily variation of geomagnetic 
activity with maximum in the evening hours local time [25], lead rather to the 
conception that in periods of increased inflow of corpuscular radiation, the surplus of 
particles caught in the Earth’s magnetosphere penetrate to the region of polar zones 
[26]. 

2) Classification of Geomagnetic Storms 

When classifying geomagnetic storms, necessary inter alia for a more detailed 
research of their dependence on solar activity, one can use the quantitative and mor¬ 
phological features of the storms. A quantitative classification makes use of both the 
course of the geomagnetic storm found directly and that expressed by means of a sui¬ 
table index of geomagnetic activity. 

In the first case the scheme in Tab. Ila is commonly used. The classification is in 
relation to the energy of the geomagnetic storm, the boundaries are obviously purely 
conventional and here the well-known dependence of the geomagnetic activity on the 
geomagnetic latitude is clear. In the second case the K-index is used. The scheme, 
whose boundaries are also conventional, is given in Tab. lib. 

Table II 

Quantitative classification of geomagnetic storms 


b 


AH(y) 

Storm 

Max. K 

Storm 

<150 

small 

5 

m 

moderate 

150-300 

medium 

6-7 

ms 

medium severe 

>300 

large 

8-9 

s 

severe 


A H (y) maximum amplitude of horizontal component of geomagnetic field during storm, 
max. K maximum three-hour index K during storm. 

From the point of view of solar influences it should be emphasized in connection 
with the above classification that here there is no simple dependence of the severity 
of storms on the importance of visible expressions of solar activity, which come into 
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Bays: With these disturbances of a regional character we are also forced to make a 
double classification. The direct condition is obvious, particularly for those bays 
which actually form some geomagnetic storms and disturbances with a gradual com¬ 
mencement (g-storms) and it also follows from the possibility of the prognoses of such 
bays on the basis of the character of the solar situation (see Chap. V). Other bays, 
particularly those which substantially participate in the daily variation of geomagnetic 
activity with maximum in the evening hours local time [25], lead rather to the 
conception that in periods of increased inflow of corpuscular radiation, the surplus of 
particles caught in the Earth’s magnetosphere penetrate to the region of polar zones 
[26]. 
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2) Classification of Geomagnetic Storms 

When classifying geomagnetic storms, necessary inter alia for a more detailed 
research of their dependence on solar activity, one can use the quantitative and mor¬ 
phological features of the storms. A quantitative classification makes use of both the 
course of the geomagnetic storm found directly and that expressed by means of a sui¬ 
table index of geomagnetic activity. 

In the first case the scheme in Tab. Ila is commonly used. The classification is in 
relation to the energy of the geomagnetic storm, the boundaries are obviously purely 
conventional and here the well-known dependence of the geomagnetic activity on the 
geomagnetic latitude is clear. In the second case the /C-index is used. The scheme, 
whose boundaries are also conventional, is given in Tab. lib. 

Table II 


Quantitative classification of geomagnetic storms 
a b 


AH( y) 

Storm 

Max. K 

Storm 

<150 

small 

5 

m 

moderate 

150-300 

medium 

6-7 

ms 

medium severe 

>300 

large 

Os 

1 

00 

s 

severe 


AH (y) maximum amplitude of horizontal component of geomagnetic field during storm, 
max. K maximum three-hour index K during storm. 

From the point of view of solar influences it, should be emphasized in connection 
with the above classification that here there is no simple dependence of the severity 
of storms on the importance of visible expressions of solar activity, which come into 
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consideration as sources of corpuscular radiation. It is often observed that from the 
point of view of solar activity insignificant events are followed by important geo¬ 
magnetic storms and, vice versa, some very important expressions of solar activity 
remain without a response in the geomagnetic field. (An interpretation of this effect 
is given in Chap. V.) It seems that much better agreement can be obtained from the 
quantitative aspect if solar radio outbursts are also taken into consideration [28, 29]. 

From the morphological aspect geomagnetic storms are commonly classified ac- f 
cording to the time sharpness of the onset of a storm and are divided into two types: 
storms with sudden commencement (sc-storms) and storms with a gradual commen¬ 
cement (g-storms). It can be expected that these two types differ primarily in the ► 
magnitude of the density gradient of the particles in the front of the corpuscular 
stream or even at the side of the stream if the Earth meets a stream which has already i 

lasted for some time. Differences in velocities cannot play such a role here nor do . 

our results show them to be so important as is usually deduced (Chap. V). 

From the point of view of solar influences the situation in this method of morpho- | 
logical classification of geomagnetic storms is much clearer than in the preceding case. 

It follows from the above that sc-storms are preceded by sudden changes in the solar ■ 
situation connected with the short-term emission of corpuscular radiation or a short- | 
term favourable direction of the emitted corpuscular radiation. On the other hand, 
g-storms occur after slow changes in the solar situation, accompanied by long-term 
emissions of corpuscular radiation. 

The classification based on the dependence of the character of geomagnetic distur¬ 
bances on the geomagnetic latitude can also be regarded as a certain type of morpho¬ 
logical classification corresponding in a heightened degree to the physical mechanism 
of the origin of geomagnetic storms as a whole [30]. It is seen that in the belt of low 
latitudes, up to about 45°, the disturbance takes place synphasically on large regions 
of the Earth’s surface (S-type), in the middle and upper latitudes roughly between 45° 
to 70° the disturbances may be different even at places only a few hundred km away 
from one another (L-type), and finally in the polar regions, above 70°, disturbances 
take place on disturbed days more or less permanently and often occur also on days 
which are geomagnetically quiet in other belts (P-type). 

The dependence of the type structure of a storm on its intensity is important. Ac¬ 
cording to [30] geomagnetic storms with K p max 7—9 consist of disturbances of the 
type S, L and P, have a pronounced storm variation D s , and begin suddenly. On the 
other hand storms with K p max 3—6 consist only of L and P type disturbances, no D, t 
variations are seen and they begin with a gradual commencement. 

It is possible that the relation between the intensities of S and L type disturbances, 
together with the possible latitude displacements of the boundary in the 45° latitude, is 
one of the causes of the occurrence of different types of geomagnetic storms for an 
otherwise special morphological classification, the results of which will now be men¬ 
tioned. 
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3) Attempt at New Classification of Sc-storms 

The gradual refinement of conceptions as to the connection between solar and geo¬ 
magnetic activity has made it necessary, and also possible, to solve other special 
problems. One such problem, also of practical importance for forecasting geomag¬ 
netic activity, is the question whether some morphological peculiarities in the course 
of different geomagnetic storms can be at least partly derived from the morphological 
peculiarities of solar situations during the emission of the corresponding corpuscular 
stream. The results would also contribute towards determining to what extent the 
specific properties of the different corpuscular streams assumed to be given by the 
different character of the solar 
situation, where they were emit¬ 
ted, are preserved, i.e. to deter¬ 
mining the possible smoothing 
effect of the medium along the 
path of the corpuscular stream. 

The investigations made so far 
along these lines, the results of 
which will be given below (details 
will be published later), represent 
the first step in a broader attempt 
at a new classification of geo¬ 
magnetic storms taking into con¬ 
sideration the character of the 
solar situation in question. F'8- 6. Average time dependence of horizontal com- 

, ponent of geomagnetic field for set of storms used in 
The records of 90 geomagnetic exper i m ent on new classification of sc-storms. Vertical 
sc-storms on standard magneto- ax j s; fj d - H q (y). 

grams from the geomagnetic 

observatory in Prtihonice (A = 14°33', <p = +49°59', A — 91.5°, — +50.1°) 

were used for the classification. The typical course of a storm, obtained as the 
average of all the cases by the usual method of the displacement of the epochs 
of storm commencements (storm variation D st ), is shown in Fig. 6. After a detailed 
evaluation of the different courses of geomagnetic storms as regards similarity and 
deviations from the typical course, the whole set of storms could be reliably divided 
into a number of special types according to exactly defined simple criteria. Here, for 
the sake of brevity, we give only the plots of the most pronounced representatives of 
the different types (Fig. 7) instead of the definitions used in the classification. 

Type analysis showed that the majority of geomagnetic storms of the set in question 
has the expected “two-phase” course, both phases of which can be modified quite 
differently. It is interesting, however, that apart from this a not insignificant part of 
the set exhibits a definitely “one-phase” course, also differently modified. The small 
remainder is formed by some storms of a more complicated character which obviously 
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Fig. 7. Selected examples of basic 
types defined in experiment at new 
classification of sc-storms. Right- 
hand top comer of sub-graphs 
gives date of origin of storm, order 
number of three-hour interval in 
which ssc occurred and notation of 
type. Vertical axis: /f,j — (/)* 
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originated by the overlapping of two or more disturbances, as is 

length of their deration. The statistics of the occurrence of the dtlferent mam types 

,S fZZ to decide whether the deviattons of the different storm coer^ from *« 
typical course cannot be caused inter alia also by the different tune of day at which th 
smlm “cumd, the material was classified into partial sets according to the three 

““storm courseTof thee partial sets, obtained by displacing the epochs 
are o„rS“tail»r (Fig. 8), which indicates that fire possible influence of lot»l 
time is very small. This is also supported, as was to be expected, by random distr^ 
b„ti„n of the points in Fig. 9, where all the investigated storms are plotted taking 
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Statistics of occurrence 


Table III 

of different main types of geomagnetic storms 


Type 

Number 

% - 

Total 

number 

% 

VP 

OP 

PP 

V 

36 

15 

2 

1 

1 

40 

17 

2 

1 

54 

60 

O 

P 

VO 

8 

18 

4 

9 

20 

4 

30 

33 

more 

complicated 

6 

7 

6 

7 
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consideration the type of storm, the instant of sudden commencement and the magni¬ 
tude of the maximum amplitude of the horizontal component of the geomagnetic 
field during the storm. 

On the other hand, if the occurrence of the different types is investigated separately, 
the P and O one-phase types show a tendency to occur only at a certain time of day 
(Fig. 10). This is also a proof that in the above classification not only possible local 
disturbing influences but also causes on a world-wide scale may play a part and that 
the classification of storms also has physical significance. 



IV. ON THE QUESTION OF THE MECHANISM OF GEOMAGNETIC STORM 

DEVELOPMENT 

The classification of phenomena occurring within the framework of geomagnetic 
activity has shown that storms represent a very pronounced group of disturbances. In 
order to be able to make use of the laws governing the phases of storms for 
studying the connection between solar and geomagnetic activity, the most fundamen¬ 
tal of them should be pointed out here. At the same time one must not forget a brief 
definition of the different types of storms from the point of view of structure and 
geographical expression together with their theoretical conceptions. 

1) Basic Classification of Storms 

Geomagnetic storms are distinguished by several pronounced features. If we study 

their time dependence (Fig. 11), it can be included in the general characteristics of 
storms [2J. These are: ... 
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a) Sudden commencement, which is characterized by a relatively rapid growth in 
the magnitude of the horizontal component of the geomagnetic field, especially in low 
latitudes. The value of this increase is on an average around 30 y and increases towar s 
the equatorial region, where it attains maximum values. The rise time fluctuates aroun 
2 minutes. However, the occurrence of a sudden commencement is not a rule for all 
storms With so-called sc-storms it is observed all over the world but its magmtu e 
varies from place to place. The sc also reaches higher values in the auroral zone on he 
illuminated side. At present the microstructure of the commencements of storms is the 
object of interest in a number of papers [31, 32]. 



bj The initial phase of a storm is the interval lasting for approximately 2 to 8 hours 
after the sudden commencement. It is characterized by the fact that the H component 
maintains approximately its initial undisturbed value, slightly increased compared 

with the period before the storm. .... , 

A The main phase is marked by a considerable decrease in the horizontal compon¬ 
ent compared with the initial undisturbed field. After reaching minimum t e 
component gradually returns but it is covered by strong storminess of the who e 
process; for a large part of this period, usually lasting 12-24 hours, there are large 

positive and negative changes which reach several hundred y. 

d) The return phase, as the last part of storm activity, is seen as a further gradual 
return of the H intensity to the original undisturbed value and a gradual quietening of 
activity (decrease in amplitudes of positive and negative changes). They last approxi¬ 
mately 1-3 days while in the second part there is only a gradual return. 

2) Types of Geomagnetic Storms from Aspect of their Geographic 

Exoression 



The records of the time dependence of the geomagnetic field confirm that geomag- 
etic storms can be divided into two basic types according to the laws governing their 
xpression. The first group consists of world storms, which are accompanied by a 
eneral decrease (to a smaller extent an increase) in intensity of the geomagnetic field 
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simultaneously over the whole Earth, both in the polar and in the equatorial regions. 

The second type are so-called polar storms or disturbances occurring both as negative 
and positive forms. Both types of storm are excited by the action of corpuscular 
radiation. 

a) World storms are disturbances of the geomagnetic field of maximum intensity, 
where the fluctuation of the elements reaches values of up to thousands of 7 . They take 
place over a period of several days. The main changes during a storm occur to a great 1 



TO THE SUN 

Fig. 12. System of streams produced in E-layer which formally explains field distribution during 

geomagnetic disturbance. 

extent simultaneously and similarly over the whole surface but of course the total 
dependence is disturbed by disturbances of a local character, particularly in higher lati¬ 
tudes, where there is also an increase in the amplitudes of irregular fluctuations. A 
typical world storm begins with a sudden commencement (sudden sharp increase in 
horizontal component - ssc) observed in 1 minute synchronously over the whole sur¬ 
face of the Earth, with maximum amplitude in the equatorial regions. Here, too, the 
storms occur in their purest form. 

After the sudden commencement the storms then develop in phases as described 
above. 

The average course of the storm is given by the storm variation D, t , to which three 
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components of the disturbance field D contribute; the field is described by the expres- 
; sion [33] 

(11) D = DCF + DP + DR. 

The DCF field is excited by the inflow of the corpuscular stream (sudden commence¬ 
ment + initial phase), DP is the disturbance field produced in the polar regions 
(sudden fluctuations during main phase) and DR represents the effect of a toroidal 
electric current. 

b) Polar storms have maximum values not directly in the polar regions but in the 
zones of aurorae. This proves the connection between the two phenomena. Polar 
storms are characterized by the single occurrence or sequence of several sudden 
(increase or decrease) deviations from the undisturbed value, the most pronounced at 
the horizontal component. The intensity of the impulses decreases together with the 
distance from the polar regions in the direction of the equatorial region. In lower lati¬ 
tudes storms are apparent only in the form of a bay; for this reason they are sometimes 
called bay storms. Their annual time distribution has been found to be characterized 
by two maxima in periods of the equinox. The daily variation of the disturbances then 
exhibits interesting properties in that negative disturbances are produced during the 
night in auroral zones and positive disturbances during the day. However, many more 
negative disturbances occur than positive ones. In the middle latitudes this circum¬ 
stance is not nearly so obvious. 

1 The relatively rich material obtained for these disturbances permitted the proposal 
I of a system of currents originating in the height of the ionospheric layer E [34] 
1 (Fig. 12), by means of which the observed field distribution during disturbances can 
be formally explained. The currents have a high density and flow along the auroral 
; zones. While there exists only one current system above the polar regions, in the middle 
latitudes two vortices are formed; one runs anti-clockwise on the night and morning 
side of the Earth, and the other clockwise on the day and evening side. The absolute 
; value of the current can reach up to hundreds of thousands of A. 


3) On the Theory of the Causes and Origin 
1 of Geomagnetic Storms 

1 The very complexity and irregularity in the course and other characteristic features 
I of storm activity indicate that not even the finding of the actual physical conception 
of the model, which would satisfactorily explain all the natural phenomena taking 
I place during storms, will be easy or without obstacles. 

Research hitherto has basically followed two different lines, the difference consisting 
mainly in the conception of the properties of interplanetary space and of the charged 
particles moving along the Sun-Earth path. 


! 
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a) The first conception is based on the assumption that in interplanetary space there 
exists no large magnetic field and that the ionized matter emitted from the Sun is not 
magnetic. This assumption is used in many theories starting out from hydromagnetic 
equations as well as in the classical theory of Chapman-Ferraro [35], which in addi¬ 
tion assumed the negligible influence of interplanetary gas. 

P) The second conception is based on the opinion that the ionized clouds emitted : 
from the Sun are magnetized either by the total solar field or by local fields of the 
active regions. The particles move with a velocity of 10 8 cm/sec and the flux is also 
electrically polarized; the electric field is of an order of 1 —100 V/cmand is very impor¬ 
tant for the creation of magnetic storms. The theoretical procedure is then based on 
a study of the motion of the individual particles. 

Difficulties arise in the first group of theories if it is required to explain how a cor¬ 
puscular cloud penetrates into the magnetic field of the Earth; it is equally difficult 
to explain the formation of a toroidal current. Also the 27 daily variations of cosmic 
radiation are in conflict with the fact that interplanetary space has no magnetic field. 
The incorrectness of this opinion was proved by cosmic radiation measurements by 
means of satellites. The Forbush decrease in intensity of cosmic rays was recorded at i 
large distances from the Earth due to the influence of the magnetic field present there, 
which is in considerable disagreement with the second conception. 

Let us now deal with the basic features of some models which try to explain the 
different phases observed during storms. Recently theoretical research has taken into 
consideration the latest observational data on the state of interplanetary space and the 
exosphere, which has led to more exact physical models. 

The starting point for all more recent theoretical models of geomagnetic storms is : 
the assumption of an electrostatically neutral corpuscular stream propagating from 
the Sun to the Earth. However, opinions differ as to the effect of such a stream on the 
magnetic field and this has led to the elaboration of different models. 

a) The model based on the effect of a dipole magnetic field on the moving conduct¬ 
ing medium [35] assumes that a cylindrically shaped cloud of corpuscular gas with ] 
sharp boundaries approaches the geomagnetic field. If the medium is conductive, then 
by its approach to the magnetic field electric currents are induced in it which prevent 
the magnetic field from penetrating into the interior of the corpuscular cloud. In 
addition mechanical forces of a repulsive character are produced between the dipole 
and the conductive medium and try to prevent the cloud from further movement. 
Since the conductive medium is not rigid, these forces cause the surface of the cor¬ 
puscular stream to begin to deepen and a cavity to be formed in it. The lines of force 
between the Earth and the front of the cavity densify results in an increase in 
the horizontal component of the geomagnetic field, observed during the initial phase 
of the geomagnetic storm. The increase in the horizontal component AH at a sudden 
commencement, which is related td the dimensions of the cavity and the flux moment 
nmv 2 , is described by the expression H 0 /Sz 3 , where H 0 is the equatorial value of the 
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horizontal component on the surface and z = (//o/8tc£)' / 6 represents the distance 
between the peak of the cavity and the centre of the Earth. Further, the energy E = 
= H 2 / 8ji = nmv 2 , where H is the geomagnetic field in the peak of the cavity, n the 
density of the particles, m the mass and t> the velocity of the corpuscles. The main 
phase, seen as a decrease in the horizontal component, can be explained by the pro¬ 
duction of a closed toroidal electric current around the Earth, flowing in the equato¬ 
rial plane. This current is formed as a consequence of the electric field produced by 
volume charges which collect on the evening and morning side of the cavity as a result 
of the separation of the charged particles by the geomagnetic field. Only protons are of 
importance for the current due to their large gyration radius. 

b) The model explaining the origin of geomagnetic storms by the effect of the 
electric field of a corpuscular cloud [36] is based on the assumption that the particles 
of electrically polarized gas emitted by the Sun carry with them the magnetic field 
frozen into a highly conductive medium. When the beam of ionized gas moves an 
electric field is produced described by the relation E = — (1/c) [v x H], where v is the 
velocity of motion of the beam and H is the field frozen into the beam. When the 
flux reaches the Earth’s magnetic field and the separation of the positive and negative 
particles begins, the influence of the electrons flowing round the Earth in the eastern 
direction is seen in the form of a sudden commencement. The motion of particles in a 
combined electric and magnetic dipole field consisting of circular motion superposed 
on translational motion was calculated. The velocity of particles behaving in this 
manner is given by 

(12) v = - ( c/eH 2 ) [H x {eE - p grad H - m(dv/df)}] , 

i where p defines the ratio of the kinetic energy of the particle to the magnetic field. 

The motion of particles forms a volume charge in certain regions, which leads to the 
■ creation of toroidal currents. When looking from the north pole the left-handed 
current forms a sudden commencement while the creation of the main phase of a 
geomagnetic storm is ascribed to the right-handed current (due to the eastern motion 
of the electrons). 

' The interval between the sudden commencement and the main phase of a geomag¬ 
netic storm was not explained by this model. The following model attempts to do 
this. 

c) The model taking into consideration a shock wave in the origin of geomagnetic 
! storms is based on the assumption that apart from the corpuscular stream a shock 
i wave, which has its source in the ejection of particles from the Sun [37], also plays a 

role in the storm mechanism. Such a wave contributes to the separation of the charges 
and thus also to the causes of currents flowing in the atmosphere and manifest as a 
sudden commencement. It follows from the theory of strong shocks that the velocity 
of the gas borne along by this wave is only three-quarters of the velocity of the shock 
wave. Therefore, the corpuscular stream reaches the Earth with roughly a nine-hour 
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lag (Fig. 13). The particles of this stream can therefore penetrate into the depths of the 
| geomagnetic field and thus also into the forbidden Stormer regions since they enter 

the field already disturbed by the wave. The particles caught in the geomagnetic field 
move primarily along the geomagnetic lines of force but simultaneously they drift 
according to their polarity to the cast or west while an electric current is produced 
which flows in the western direction (main phase). This current gradually decays due 

to the absorption of the part¬ 
icles in the Earth’s atmosphere, 
which also explains the decay 
of the geomagnetic storm. 

d) The hydromagnetic mo¬ 
del is characterized by the 
interaction of solar plasma 
with - the geomagnetic field 
and the method of propagating 
the effects towards the Earth. ! 
It is assumed that due to the \ 
influence of the pressure of 
solar plasma the Earth’s dipole 
field is limited by regions up 
to a distance of approximately 
10 Earth’s radii [38], where 
the magnetic pressure is al¬ 
ready lower than the pressure 
of the solar plasma. When 
the plasma suddenly ejected from the Sun collides with the geomagnetic field 
processes occur which result in the geomagnetic storm on the Earth’s surface. 
The sharp front of the solar plasma cloud is formed by the influence of the inter¬ 
planetary magnetic field and the gas present there. 

The basic hydromagnetic equation defining the relation between the velocity v of the 
particles, arriving at the region of the geomagnetic field on sudden ejection from the 
Sun, and the intensity of the magnetic field is given in the form [38] 

(10) q dv/dt =-(P 1 + P 2 + B 2 /2p 0 ) + (BV) B/g 0 , 

where P t gives the pressure of the tenuous plasma in the field B, P 2 is the equivalent 
pressure of the injected particles and B 2 [2g 0 is the magnetic pressure. The different 
phases of the storm can then be ascribed, as has been elaborated in detail, to the 
partial expressions of the interaction resulting in the production of pressures propagat¬ 
ing towards the Earth in the form of hydromagnetic waves. 

The sudden commencement of a geomagnetic storm is ascribed to the impact of 
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solar plasma with the sharp front on the geomagnetic field. This disturbance propa¬ 
gates towards the Earth in the form of a hydromagnetic wave. 

T,he initial phase of a storm is caused by the increase in pressure of the constantly 
inflowing solar wind on the magnetic field of the Earth. The main phase is obviously 
due to the pressures which arc produced in the Earth’s magnetic field by the trapped 
protons of solar origin. A considerable part of the pressure is caused by the centri¬ 
fugal force of the trapped particles at their oscillation along the lines of force during 
passage through the equatorial plane (Fig. 14). 

A geomagnetic storm ends with the phase 
of decay, which due to its limited duration 
requires the quietening of most of the 
trapped particles in a period of about one 
day. This process corresponds to the me¬ 
chanism of charge exchange between the 
active protons and the neutral atoms of 
atmospheric hydrogen. 

e) The model of a geomagnetic storm, 
which is based on a combination of the 
effect of the homogeneous electric field of 
the volume charge and the system of irre¬ 
gular fields, aims at explaining the mecha¬ 
nism of the penetration of solar ions into 
the geomagnetic field [39]. Existing theories Fig. 14. 

explaining the origin of geomagnetic 

storms by the effects of the corpuscular stream have in most cases not been able to 
explain how the particles can penetrate into the Earth’s magnetic field. The increase in 
the horizontal component (at a sudden commencement) cannot be caused by a to¬ 
roidal current outside the geomagnetic field but by a mechanical force acting on the 
electrically conductive gas at a distance of several Earth’s radii in the direction of the 
Earth. On the other hand, during the main phase the mechanical force acts away 
from the Earth. The effect of such a force leads to hydromagnetic processes in regions 
at a distance of several hundred km from the earth due to the moving gas in 
the magnetic field. The consequence of such processes is that the lines of force of the 
magnetic field, frozen into the conductive medium, are borne away from the Earth 
and form an elongated cylindrical^ shaped formation, “a magnetic tail”, on the 
unilluminated side of the Earth (Fig. 15). The continuous acceleration of the ions in 
this “tail” against the Earth by the electromagnetic forces leads to a total decrease in 
the horizontal component of the geomagnetic field - the main phase of the storm. 

The theory is based on a study of the motion of two forms of gas - ion-electron 
plasma and neutral atomic gas. The application of such a study shows that at distances 
of several hundred km from the Earth’s surface the disturbances are transported by 
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means of the hydromagnetic waves, while in lower regions the dispersion medium 
causes the disturbances to be transported by means of diffusion. This model permits 
an explanation of some important effects connected with the course of a geomagnetic 
storm, including processes in the radiation (Van Allen) belts, counterglow, daily 
variations in cosmic rays etc. 



The principal conceptions of the above models represent a brief survey of the basic 
and latest theoretical conceptions as to the conditions necessary for the creation of the 
mechanism of geomagnetic storms. The very fact that a series of models exists in 
parallel, each of which is physically substantiated in a different way, indicates that it 
has not yet been possible to arrive at a completely satisfactory conception which 
would be in keeping with the physical nature of storms and would also explain their 
partial features and individual pecularities. Greater uniformity could certainly be 
achieved by studying other parameters which have not yet been sufficiently investiga¬ 
ted but which might play an important role in the correct physical conception of the 
model. 

One important way of refining such parameters is indoubtedly a study of the con¬ 
ditions and causes of the emission of solar geoactive corpuscular radiation. In this the 
above models differ quite considerably; some do not take the question of the emission 
mechanism into consideration at all and others make obviously very simplified as- 
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sumptions although it can be expected that the P—which“^.e” 
stream enters into interaction with the getT££“£“XTeor ect relaUons 

5£.-rscsr.—- - 

probable parameters. 

V CONNECTION BETWEEN PROCESSES ON SUN AND GEOMAGNETIC 

ACTIVITY 

°„f“ r"o S Tf""rhad to he made and their in.er-re.aUon deter- 

mint^when^elaborating a method for the ^^^'^^^f^'^^^ssionTo^solar acti- 
Investigations into active centres consisting ./'piup'i on e 

vity 1 Imv^ shown that on « ^hT' 

““me":, the geo.cUvity 

aetivr, excited h, active regions and 

e„magn.uc s“rms,l „ 0 . a simp, affair stnee it depends on the presses tahtng 

nlace in their surroundings and on the mutual configuration. 

§=is^ 

active centres both as isolated effects and taken complexly. 

Sun from the point of view of their development. 

1.1) Solar Activity - Phases of Development of Active Centre 
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in it and filaments (prominences) appear. The chromospheric structure shows that in 
the chromosphere there is a very complex magnetic field which corresponds to a cer¬ 
tain extent to the photospheric field. During flare activity in the active region more 
filaments are produced while those already existing here often change their direction 
and shape or even disappear (activation of filament). Others are “extracted” 
from the region, and straighten if they were previously arc-shaped. Sometimes these 
changes occur during flares while at other times this occurs in a broad time interval 
around the flare. For the filament to disappear it is not necessary that it be near to a 
flare. Distant filaments also often disappear. According to the mechanism explaining 
the existence of a filament, which was given in Chap. I, it can be assumed that their 
disappearance may occur when the magnetic field which kept them in equilibrium is at K 
least temporarily compensated. Such compensation occurring in the period of changes 
in the magnetic field can be expected rather in those parts of the active region where the 
magnetic field strength is lower than that of weaker disturbing fields. It can be admit¬ 
ted [40] that filaments disappear as a consequence of changes in the local magnetic i 
fields; one cannot, however, neglect the influence of the total field which adds up with i 
the local fields. ( 

In the next phase the filament moves away from the active region and different basic 
configurations can occur. From the behaviour of the free part of the filament we can 
deduce that it is under the influence of the magnetic fields of the surrounding spots. 
Sometimes the filament may decay [41] or join up with a neighbouring filament. 

If so-called spot prominences are produced by the condensation of the coronal 
masses on the lines of force of the strong local magnetic fields already formed directly 
above the active centre, then the above interpretation of the disappearance of the 
filament due to compensation by the field can be applied. 

Filaments often last much longer than the period of spot occurrence; they remain in 
the floccular field and are gradually shifted to higher heliographic latitudes. Finally, the 
floccular field disappears entirely and only the filament remains. Apparently the rota¬ 
tion causes the filament to turn into the approximately parallel direction while the 
filaments originally occurring in the spot zones had the meridional direction. 


2) Geomagnetic Activity and Sunspots 

When investigating the relations between these phenomena it was generally found j 
that in the same way as the occurrence of sunspots falls into an eleven-year period so 
geomagnetic storms are subject to analogous laws. This fact his become the starting 
point for many scientists in their search for inter-relations. The average values of the 
main characteristics (number, area and relative number) of spots were primarily 
compared with different geomagnetic indices. It was found statistically that a few days 
after the CMP of the spots there exists a definite probability of the occurrence of 
geomagnetic storms. A comparison of the individual cases, however, showed that not 
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all spots are followed by geomagnetic storms. Nor was the opinion confirmed that 
there exis^a direct connection for the largest groups. Such groups are to a great 
extent the seats of other expressions of solar activity so that the concepnon taktng into 
consideration the geoacivity of spots ought probably be more »«M.: 
even in this case is the connection given between spots and geomagnetic activity 

factory. 
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Let us now deal m greater detail with the question of whether spots by themselves 
can be geoactive. We compared the curves of the daily values of the relative number of 

ne ic Sity ?ii n in T ° f ** ***** ‘Prizing the geomag- 

arr2" ^ C3SeS U WaS Ckarly 8660 that S eom a g netic disturb¬ 
ances are produced even in those epochs when spots did not occur on the Sun at all 

Ap _ _ an ^’ vice ve rsa, there is often a decrease in geomagnetic 

1°\ activit y even at large spot activity. Examples of the 

0-L-., J two above cases are plotted in Fig. 16. It is seen from 

10 12 3d Fig. 16a that in the epoch of zero relative number (25. 

Fi„ 17 * II. to 4. III. 1952) there was an increase in the if-indices. 

dence of gTomfenetTcacuVi^ 7 the °? Cr ha " d > they decreased around 19. V. 1951 
after CMP Of groups of spots, tobj when the relative number was very high, 

which were not accompanied Such investigations would not in themselves be proof 
by central filament. because the relative number does not take into conside- 

tj , . ration the position of the spots on the solar disc 

C0 "“ p,,0n “ f ,he ™ dial «f corpuscular radiation one 

can expect the distance between the group of spots and the centre of the disc to be the 

ecisive factor. For this reason we investigated the chosen very quiet, internationally 

activity fl950^0 19^31 f ^ 3Ctivky W for the y* a « of a fall in solar 

actmty (1950 to 1953) from the period when the zones of sunspot occurrence approach 

he equator and thus when the individual groups of spots may occur more frequently 

n the centre of the disc. A quiet interval can thus be expected when there is no geo- 

act.ve source in activity on the Sun. Table IV shows, however, that in 907 of the cases 

the quiet intervals in 1950 were preceded by the CMP of sunset groups [47] wh“h is 

a qu, e convincing proof that spots cannot be geoactive. With fhe decrease in solar 

cuvity the percentage of quiet intervals preceded by the CMP of sunspot groups also 

ecreases but this is the obvious consequence of a decrease in the number of sunspot 

numbeV" f ^ ^ ^ minimum of so,ar activit y. It thus follows that a large 

number of sunspot groups is followed by a pronounced decrease in geomagnetic 
activity, i.e. these spots cannot be the source of geoactivity 8 

Comprehensive material was elaborated by the method of superposed epochs during 

Table IV 
Very quiet intervals 

Y ear Number of intervals 

___ t° ta l _with preceding spots 
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. tn rMch a definite decision on the question of the 
the 1937-1958 period in or tn he all the CMP of isolated groups of spots 

geoactivity of spots. Zero day was a en wer e not accompanied 

regardless of type, whether with or without flares t ^ her u0 cases were 

by a filament passing through the centre ° geoma gnetic activity expressed by the 
investigated to find the average course ofThe gcowg y obvious 

values of the Tp-index [48] in the critical period ater CMP {t g ) 

that the activity in this period is very low and moreover _ 

shows a slight decrease on the +1 and + 2 days. in ^ j— 

it might be objected that this statistical treatment could fQ ° 

smooth out the possible geoactiv.ty of the most o --- 

important sunspot groups, the set of most important ^ * 

and medium sunspot groups was treated individually. q --- 

Not even in these most favourable cases did a g ^ 

magnetic disturbance occur, as is seen in Fig. 18. These 

results showed quite definitely that spots in themselves 0 ._^_- 

cannot be geoactive. The connection between spots 20 . d 

and geomagnetic storms found by some earlier statu- jq 

tical papers can easily be explained by the fact that 0 , 0<23 ^ 

the methods used then did not take into accoun pig 18 Time dependence < 

occurrence of other expressions of solar activity in geomagnetic activity after CM 

the spot regions. of four selected largest grou, 

1 F cnntQ which were not a 


3) The Question of the Geoactivity 
of Flares 


Fig. 18. Time dependence of 

geomagnetic activity after CMP 
of four selected largest groups 
of spots which were not ac¬ 
companied by central filament. 
Date, type and heliographic 
latitude at CMP of group of 
spots: a) 12.VIII.1940, F, 7°N, 
b) 20.VIII. 1940, F,9°N, c) 14. 
IV. 1943, E, 14°S, d) 17. VI. 
1958, E, 15°N. 


Shortly after the discovery of flares the tot coo- ,y.,» E .4 s, . « »■ «- 
elusions were drawn that strongflares are connected with 1958. E, 

geomagnetic storms [49]. The valuesare sdll recognized. Later a statistical 
velocity of propagation « “tf “ tha , ,here is a certain dependence 

verification was made of the results where u solar dlsc; accor ding 

° f h' SSXJS." which the corpuscular rays are emitted from 

r90» P, sg. AS 

has been paid to this question m other showed that the cor- 

l 1„Crrkwe d rncemrI.i a on a de.at.ed investigation of the main aspects of 
the connection between flares and geomagnetic activity. 
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The material from the IGY period was elaborated statistically using the method of 
superposed epochs [55], We found that even the commonly used statistical methods 
produce results which cannot be satisfactorily explained by assummg a direct 
nection between flares and geomagnetic activity. 

An analysis of the results led to the conclusion that the geoactivity of flares, parti- 
cularly of those with smaller importance, should be understood as the geoactivity of 

made by an analogous method [57] of all flares observed tn 1937 to 1956 
tained in the Catalogue of large chromospheric flares [56J. 



-T 0 12 3 4 0 o u 

p; e 19 Average time dependence of geomagnetic activity after flares i = 3 , with regard to d.y^ 
^r^MFuIlL-central flare (29°E— 29°W), dashed ~ ^ 

dotted-and-dashed line — eastern flare(S 30 fc). 

Figure 19 shows that although medium flares are followed by a pronounced increase 
in geomagnetic activity the analogous increases for eastern and western flares a„tmm 
displaced so that the maximum for western flares is earlier and > ,a [ r » r “ s "" flar 
later. This fact, together with other proofs, led to the above conclusion that tererott 
only an indirect connection between flares and geomagnetic activity. We also fou 
that even if a direct connection is admitted, the value of the angular aperture is smaller 

than 60°. a 

It is also clear from [57] that the mean value of the time interval between a 

flare and the following geomagnetic storms has only formal significance and dep 
on the length of the period to which we confine ourselves in ascribing the geomagnetic 
^ tote different flares (Fig. 20). This indicates the random distribution o 
geomagneticstormsoccurring after flares and does not give the typical mean valu o 

^VwoTonceptions of how tb. understand the connection between flares and geo¬ 
magnetic storms were proposed for a satisfactory explanation of all the dependences 

found statistically: 
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1) Flare activity in the active region, or any other source of geoactivity of the active 
xegion in which a large flare occurred, lasts for a long time, during which the active 
region may pass through the central meridian. If the conditions for the emission and 
direction of a corpuscular stream are fulfilled in this critical position, then this active 
region may be followed by an increase in geomagnetic activity with which the flare in 
question is not directly connected. 



2) The increase in chromospheric activity, which was seen inter alia as the occurrence 
of a large flare in some active region at a distance from the CM, need not remain 
limited only to this active region and its immediate neighbourhood but can appear 
more or less simultaneously in more distant parts of the solar surface. If such an 
increase takes place also in the active regions which are just on the CM, then such 
regions may be followed by an increase in geomagnetic activity with which the flare 
in question is not directly connected. 

■ The above statistical results are in keeping with the individual investigations into the 

geoactivity of the different active regions with rich flare activity. Four isolated active 
regions were chosen (this means that during their passage over the solar disc practically 
no other flare activity occurred on the solar surface) and the results of observing 
-flares in them were classified with the course of the geomagnetic activity during 
passage over the solar disc [58]. Despite the fact that throughout this time a series of 
large flares occurred in the active regions, the geomagnetic activity increased markedly 
1 only in the expected interval after the passage of the active region through the cen- 
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tral meridian (Fig. 21). From this it is clear, inter alia, that the influence of flares 
might be seen (if it exists) only in the immediate neighbourhood of the CM; thus 
conceptions ascribing geomagnetic storms to flares on the edge of the disc are 
quite unjustified. 

Previous papers paid particular attention to how flares are reflected in geomagnetic 
activity; this means that the zero day in the method of superposed epochs was the day 
of occurrence of a flare. A possible connection can be verified, however, in the opposite 
direction, i.e. whether an increase in geomagnetic activity is preceded by a flare (zero 
day in the method of epoch displacement is the day of increased geomagnetic 

activity). 
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Fig. 21. Time dependence of geomagnetic activity (points) around CMP of active region with 
occurrence of strong flares (vertical lines with notation of flare importance). 


With this in mind a statistical analysis was made of the solar situations preceding 
sudden commencements of geomagnetic storms (ssc), which also contains an elabora¬ 
tion of the occurrences of flares between these commencements in 1957-60 [40]. 
Only those ssc were chosen for which 100% observation of flares was ensured in an 
interval of 28 to 38 hours before an ssc. This 10-hour interval was chosen on the basis of 
the results of investigations which will be discussed in the next chapter. The investiga¬ 
tions covered flares of all importances from 1 - to 3 +, which occurred in ±10 from 
the CM. The percentage of the number of cases when no such flare occurred before 
a sudden commencement was calculated. Table V shows that a geomagnetic storm 
occurred on an average in 45% of the cases without being preceded by a flare. 

Due to the problematical character of the connection between flares and geo¬ 
magnetic activity, which is clear from the statistical papers just discussed, it can be 
deduced that the increase in geomagnetic activity observed sometimes after flares could 
actually be explained by the geoactivity of other expressions of solar activity occurring 
in the active regions together with'.flares or possibly the geoactivity of expressions 
occurring on the CM synchronously with the flare which is at some distance from the 

CM. 
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A partly complex procedure was therefore adopted in investigating the influence of 
flares; not only flares but also filaments about whose connection with geomagnetic 
activity positive conclusions had been reached (see paragraph 4), were taken into 
consideration. The different configurations of flare and filament were thereby con¬ 
sidered. Material was elaborated from 1950 -1959 [59] for which the method of super- 
posed epochs was used to determine the average variation of the yip-indices around 



Fig. 22. Average time dependence of geo¬ 
magnetic activity after occurrence of flare 
•without presence of filament on centre of 
solar disc, talcing into consideration distance 
of flare from CM, a) max. +45°, 
b) max. ±20°, c) max. ±10°. 



Fig. 23. Average courses of geomagnetic activity 
after occurrence of flares (max. +45° from CM) 
in simultaneous presence of filaments. 

- filament on disc centre on same day as 

flare; . filament preceded (1—2 days); 

— . — . filament followed (1—3 days); one 

filament preceded, other followed. 


zero day (all days with the occurrence of a strong flare i = 3 or 3 + at successive 
distances of 10°, 20°, and 45° from the CM were chosen as zero day), in all 48 cases 
without the occurrence of a central filament (i. e. one, of which a certain part would 
pass through the centre of the solar disc). It was found (Fig. 22) that after the occur¬ 
rence of flares without the presence of a central filament no increase in geomagnetic 


Table V 


Year 

Number of geomagnetic storms not 
preceded by any flare 

1957 

% 

30 

1958 

54 

1959 

46 

1st half 1960 

50 

mean value 

45 
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activity occurred; on the contrary, a slight decrease is observed. This is proof that there 
was no geoactive source in activity at the time in question and therefore the flare itsel 

15 Quimdifferent results were obtained when zero day was taken to be the day on 

wh^ch there was a flare at a maximum distance of ±45» from the CM but a central 

SLet occurred, as is deal, with below. On the basis ot 23 cases wc d,«.ngu,shed 

four basic situations as a function of the time configuration of the flare and filament. 

a) the passage of the filament through the centre of the disc occurred on days of flare 

occurrence b) the passage of a filament occurred just before a flare (roughly up 
occurrence, 0 ) v b j_ 2 days ) > c ) the passage of a filament 

-- occurred just after a flare (max. 1 to 

Ap a b I a 2 days), d) two filaments passed through 

70 / \ the centre, just before and after a flare. 

60 ' / \ The method of superposed epochs was 

AQ / \ used for all these four situations to obtain 

jo_ I the average courses of the geomagnetic 

20 - ■ _ / activity (Fig. 23) from which the following 

W- " — conclusions can be drawn: 

- 2-1 0 4 *2 * y -TToTTo d After the simultaneous occurrence of 

___—---- a flare and a central filament there is 

Fig. 24. Average time dependences of geo- a pronounced increase in geomagnetic 
magnetic activity after occurrence of flares at activity. In other cases the increase in 
max. distance of ±45° from CM a) without „ eomagn etic activity is governed by the 


Fig. 24. Average time dependences of geo- a pronounced increase in geomagnetic 
magnetic activity after occurrence of flares at activity. In other cases the increase in 
max. distance of ±45° from CM a) without geomag netic activity is governed by the 
presence of filament on centre of solar disc, of the filament through the centre 

b) in presence of filament on centre of solar disc. P f ^ ^ ^ ^ ^ of ^ 

increase is time displaced in keeping with the time displacement of the passage of a 
filament from that of a flare. The geoactivity of the opposite solar situations is shown 

10 Apart from this, individual investigations of the same question on a set offlares of 
homogeneized importances gave analogous results [60] confirming the fact that flares 
are not the direct source of geomagnetically effective corpuscular radiation. 


4) Filaments and Corona - Their Geoactive Effects 

Filaments - prominences - occur in the external solar layers above the photo¬ 
sphere, in the chromosphere and in the inner and middle corona; in the case of rising 
filaments they sometimes penetrate to the outer corona. Since it can be assumed that 
they are produced by the condensation of coronal matter along the lines of force of the 
local magnetic fields, leaving the photosphere, the structure of such fields can be de¬ 
duced from their shape. At the same time prominences give a conception of the arran¬ 
gement of the magnetic fields in the direction perpendicular to the solar surface while 
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filaments and the fine structure of the chromosphere indicate the magnetic fields distri¬ 
buted parallel to the surfaces of the Sun. 

On the basis of the relation of filaments to the surrounding magnetic fields we 
classified filaments into three groups [6, 61], which proved to be very useful in in¬ 
vestigating the geoactivity of filaments. It was later found that this classification can 
be made in keeping with the development of filaments [6, 62] and therefore we give 
here the different types in the order of the phase development of the filament. 

1) Bound Filaments. These are the youngest type of filaments occurring directly in 
the active regions and., as is clearly shown by their shape, they are under the influence 
of the local magnetic field. They persist in the active region without any great changes 
until they more or less suddenly become type 2 or gradually become type 3. 

2) Unstable Filaments. Active, eruptive and disappearing filaments belong here, 
in the order according to the suddenness of the changes occurring in them. They occur 
again in active regions, not necessarily directly in the sunspot groups but always under 
the influence of the local magnetic field, the basic time changes of which are, we as¬ 
sume, the actual cause of instability of the filaments of this type. 

3) Free Filaments. These include all filaments occurring clearly outside the active 
region which are thus not under the influence of local magnetic fields. They are fila¬ 
ments of the oldest phase of development which were produced in the active region as 
type 1 and outlasted the period characterized by sunspot and flare activity in which 
there occurred the strongest time changes in the magnetic field. In this period they 
begin to move gradually further away from the active region in the direction of the 
poles and to take up a position roughly in the direction of the solar parallels. 

To the different types of filaments defined by our “magnetic” classification, one can 
ascribe*) different types of prominences according to the “motion” classification [63J 

Table VI 

Classifications of different types of filaments-prominences 
Classification 


Magnetic 


Motion 


Morphological 


1. Bound 
filaments 

2. Unstable 
filaments 

3. Free 
filaments 


electromagnetic particularly prominences of type III a)-c) and less 
prominences active type I a)—c) 

r 

eruptive particularly prominences of type II a)-b) and more 

prominences active type of I a)—c) 


chaotic 

prominences 


some prominences of type V 


*) If the filaments in question were observed on the solar limb as prominences. 
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or the classical “morphological” classification [64], based on quite different principles 



The question of the geoactivity of filaments, however, requires a more detailed 
investigation using not only statistical methods but also methods of analyzing the 
individual cases [72-77] which led to the need for the elaboration of the above 
classification of filaments. It was on the basis of such a classification that we could 
prove that there only seems to be disagreement in the conceptions of the geoactivity 
of filaments because the different types of filaments have different results, as is seen 

below: . .... 

Bound filaments: The geoactivity of these filaments was investigated by comparing 

the course of the geomagnetic activity with the CMP of the filament [6, 7 1 ** ^ as 
clearly shown that there is no increase in geomagnetic activity after the CMP ot 

filaments of this type. 

Unstable filaments: When investigating the geoactivity of filaments of this type we 
used different methods, chosen in keeping with the character of the problem to be 
solved, and arrived at the following conclusions [7]: 

448 
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When these filaments pass through the centre of the solar disc (or its immediate . 
neighbourhood - max. a few degrees), a geomagnetic disturbance, usually a strong jj 
storm, occurs in 100% of the cases (Fig. 25). An increase in geomagnetic activity occurs 
even after the CMP of some non-central filaments oriented in the direction of the 
meridian (Fig. 26). The value of the time interval between the CMP or between the 
disappearance of a filament and the commencement of the storm varies between 27 
and 53 hrs and it seems that it might depend on the degree of activity of the filament 


(Tab. VII). 



Fig. 26. Course of /Ip-indices after CMP of non-central meridional filaments. The curves relate to 

the dates as follows: 1957:. 14. V.; —. —. 22. V.; —.— 27. VII.; 8. VIII., 

16. XI.; 1958:- 1. X.; —.— 9. X.;.16. X.;-2. XII.; - . —. 26. XII.; 1959: 

.8.- 9. II.;-.— 3. V.;-10. V.; - . - . 22. V.;-2. IX. 


Free filaments; The indisputable geoactivity of filaments of this type was proved 
by an analysis of the different cases based on a comparison of the geomagnetic activity 
after the CMP of a filament in the periods before minimum solar activity [6]. , 
It was found that as long as there is no local magnetic field between the free filament 
and the equator, then there is always an increase in geomagnetic activity after the 
CMP of the filament in a time interval comparable with the values for the unstable 
filaments [7]; thus the conception of the existence of corpuscular streams with very 
small velocity (interval of 4 or more days) is not confirmed [66, 78]. 

Here we give only the results valid for isolated filaments so that their geoactivity can 
be compared with that of other expressions of solar activity, discussed in the preceding 
paragraphs separately. 
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Table VII 

Mean values of time interval for different sets according to degree of activity 



Maximum 
degree of activity 

Medium 

degree of activity 

Lowest 

degree of activity 


No. 

of cases 


No. 

of cases 


No. 

of cases 

time interval 
in hrs. 
velocity 
in km/sec 

28.3 ± 0.6 

1500 

2 

37.9 ± 0.9 

1100 

11 

50.9 ± 0.8 

800 

7 


The results given here lead one to think that, due to the practically 100% connection 
between suitably placed unstable and free filaments and the geomagnetic activity, it is 
these that are the expression of solar activity which is the direct source of geomagne- 
tically effective corpuscular radiation. However, further investigations [59] showed 
that the question of determining the direct source is not so simple; the whole matter 
becomes clearer if the connection with the solar corona is taken into consideration. 

The Corona and its Connection with Filaments 


It is usually stated that the solar corona, changing markedly during the eleven-year j 
cycle of solar activity, can be characterized by three basic types (Fig. 27). , 

a) The minimum type occurs usually in the period of the minimum of sunspots. It 
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Fig 28. Comparison of structure of inner corona from 12. X. 1958 [80] with chromospheric situa- 
tionaccording to solar map from Meudon. Since times of two observations do not exactly agree 
comparison is valid only for more permanent events. 


is characterized by a particularly simple regular shape with long equatorial wings, 
without complex structures. 

b) The intermediate type appearing in periods of medium solar activity is distin¬ 
guished by a more complicated and less regular structure consisting usually of several 
coronal wings. 

c) The maximum type, which is formed during high solar activity, usually has a very 
complicated ray-like shape with many coronal wings and streams. 

The above types represent only the average idealized corona; in reality its instanta¬ 
neous shape is given by the distribution of the different expressions of solar activity on 
the edge of the disc and thus also of the local magnetic fields. The best known and 
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ascribed to facular fields [^813- 



Fig. 29. Coronal streams above facular fields in corona I 
from 14.1. 1926 (after [81]). 

Free prominences are not seen in the corona above them by an, corresponding 

formation. , • h conditions for the emission of geomagnetically 

We can now go on to' explainJh tra „ sformat i„„s of the bound 

to a change m the app p aeoactive'l filaments, permits the assumption 

above them which in ,1 " s ““ “7“ high .la,itude ones, can be explained b, 

filaments, which occurs “ iJrhe equatorial plane as a result of the 

the concentration of the emitted corp atorial cor onal wings which arc 

r^aXietrn- ^-£2 to ex P ,a,n the oHgm of geomsg- 
452 
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netic disturbances which are ascribed to hypothetical M-regions [6,82-84]. If 
a local magnetic field appears between the free filament and the equator (non-geo¬ 
active sunspot group), the arrangement of the minimum corona is disturbed and the 
corpuscular radiation is deflected from its original direction — negative effect of spots 
occurs. 

It remains to explain that in some cases a geomagnetic storm occurs even during the 
passage of non-central unstable filaments through the central meridian [7]. 




-W 


Fig. 30. Diagram of position of filament for different configuration of active regions. 

t 

It can be assumed that if the local magnetic field is temporarily compensated the 
corona may prematurely become the minimum type with equatorial wing pointing to 
the Earth and the emitted particles then move in the same way as in the case of free 
filaments. In this way one can obviously explain why there is no increase in geomag¬ 
netic activity after the CMP of active regions occurring symmetrically with respect to 
the equator but that after the passage of a pair of active regions somewhat displaced 
in heliographic longitude a magnetic disturbance sometimes occurs [85]. The explana¬ 
tion is obvious from the representation of the magnetic fields excited during simple 
configurations of idealized groups of spots [86]. It is seen from Fig. 30a that with a 
symmetrical arrangement of the sunspot groups the central filament, if it is formed, 
would be bound to the fields of both groups. In this case it is not very likely that there 
would be a synchronous change in both magnetic fields and, moreover, a change such 
as to cause the conversion of the filament into an unstable type. There is thus no reason 
for an increase in geomagnetic activity at such a configuration. 

If, however, the arrangement shown in Fig. 30b occurs, then the central filament, if 
it occurs here, will try to take up a position along the boundary between the magnetic 
fields of the two groups of spots. In this case a change in magnetic field of only one- 
group with which the filament is connected is sufficient for the transition to the un 
stable type; this gives rise to a favourable situation for the origin of a geomagnetic 
disturbance. 
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5) Deductions — On the Problem of Geomagnetic Storm Prognosis 

The analysis made above mainly concerned individual solar phenomena from the 
point of view of their geoactive effects. It is quite obvious, however, that for a satis¬ 
factory explanation of the emission of corpuscular radiation, particularly in con¬ 
nection with the prognoses of geomagnetic storms, one cannot confine oneself only to 
separate investigations into the geoactivity of the above phenomena. 

The conceptions on the role of the corona in the emission of corpuscular particles, 
discussed above, permit filaments to be regarded as indicators of coronal formations; 
this is of great importance in forecasting geomagnetic activity since the corona has not 
yet been continuously observed in its whole extent. 

On the Determination of the Direct Source of Corpuscular Streams 

The question is, whether filaments contribute directly by their mass to the formation 
of corpuscular streams, as can be expected from the high percentage of cases when 
geomagnetic storms were preceded by filaments, or whether filaments merely deter¬ 
mine the shape, position and change in the corresponding coronal formations which 
were themselves the source of corpuscular streams. If we take it that filaments are the 
source, then in the case of free filaments it should be possible to accept the conception 
according to which hydrogen masses escape frr»;< flic filaments by diffusion into the 
surrounding corona [66], where they are quite ionized and the protons and electrons 
thereby released form the base of the corpuscular streams. This is also borne out by 
the slow weakening of the filaments which often lasts for several rotations. In the case 
of unstable filaments a larger amount of hydrogen atoms would get into the outer 
corona which, after ionization, would give rise to the possibility of the origin of impor¬ 
tant corpuscular streams. 

The Geoactivity of the Active Region as a Function of its Phase 

of Development 

Let us first assume for the sake of simplicity that the active region is isolated. In 
order to understand the character of its geoactivity the duration of the active region is 
substantially divided into two periods: the first period is limited by the instants of the 
formation and decay of the facular fields and the second is given by the existence of 
a filament which was produced in the active region and outlasts the first period without 
disappearing. This latter period lasts from the decay of the facular fields up to the 
gradual decay of the filament. 

As regards the geoactivity of the active region, two quite different cases may occur 
in the first period according to the instantaneous situation in the active region during 
CMP. If the conditions for the emission of. a geomagnetically effective corpuscular 
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decrease in geomagnetic acuv y 

with sudden commencement occurs as the region is isolated. After 

The geoactivity in the second^period^ tQ afree filament,there 
the CMP of the active region, which in th grad ual cojnmenccm cnt. This 

follows a geomagnetic 

simple picture is of course complicated by ^ maxijnujn of so lar activity, m 

regions occur on ,h= Sun. In ,h '^Xlua'ioToMiffernn. local magnetic 
particular, there is often a*ns^ b1 ' “ K i me ,idian. J, is therefore more 
fields in the immediate ne,ghbo»rttoodof fa a sim p|e wa , when a geo- 

difficult in periods of greater solar acttvity 

2r- ^s 

Te^fc “jrd otherwise than in the period of smailer soiar activity, 
when there are less spots. ctnrm c that they are produced by the joining 

- ,hs cmp of his " 

ments. 

Prognoses of Geomagnetic Activity 

On the basis of the above results, j^^^^rnmlmd^or "th^progno^s of 

z?- »»-—-- 

^SoTrnustdistmguish^— 

this is reflected in the varying d 'f e '° f “'f changes seen directly in the central so ar 
prognoses of the first kind on the b “ ,s deuiM obs ervation of the Sun for 

' meridian; this, of course, requires con etic activity (i.e. of all geomagnetic 
forecasting the time dependence of t g ica „ y qu iet periods), which 

, storms and smaller disturbances as wefi^g JJ # pr(jgnosis ca „ * given for a 
cannot be ensured at °™ s “ uo den chang e S a 28 - 38 hr interval is commonly 
, maximum of two days ahead. A according to the estimated degree of 

j used, the length of which is made mo prognmes of tllls kind should agree 

1 suddenness of the change in the sol acguracJ of th e interval used since 

i practically 100% with teahty wnlnnth ^ ftom a , ota] ot other phenomena 

here one is mainly determining a «»P e High agreement of the 

i on the basis of relations which in principle 

•) This~wiU be published in detail later. 
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Fig. 31. Course of geomagnetic activity (top) and indication of prognoses of geomagnetic activity (bottom) from 14. IV.— 10. V. 1962. Hatched 
area — forecast of disturbance, horizontal line — forecast of quiet, triangle — forecast of ssc. 
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forecasts of the first kind with reality is actually observed in 
practice; of course, there are not many of them because data 
from continuous observation of the Sun are not available. 

Prognoses of the 2nd kind differ from the first group in that the 
decisive changes were not observed directly but only the possi¬ 
bility of such changes was estimated from the character of the 
solar situation on the central solar meridian. The accuracy of 
prognoses of this kind, which are issued for the same period 
ahead and using the same time interval as for prognoses of the 
first type, is limited mainly by the degree of probability of extra¬ 
polating the development of the active region. 

Less accurate are prognoses of the 3rd type, based on obser¬ 
vations of the solar situation before the CMP, when extra¬ 
polation of the development of the active region must be made 
' for a period of several days. These prognoses, which do not 
have to be made if data from continuous observation of the 
Sun are available, may be of greater importance only in periods 
of lower solar activity, when the starting point for prognoses 
are mainly long-term free filaments. In periods of greater solar 
activity they must be made as accurate as possible by prognoses 
at least of the 2nd type. 

For illustration we give an example of a prognosis together 
with the course of geomagnetic activity for one 27-day period 
(Fig. 31). It is obvious that as long as solar observations were 
available, the prognoses could determine storms with a sudden 
commencement as well as several smaller disturbances and even 
the quiet periods. 

Prognoses of geomagnetic activity based on the above prin¬ 
ciples, as long as our own solar observations were available, 
have been made since September 1959. 

It is seen from the 135 prognoses issued so far that they 
agree with reality in 90% of the cases so that the above method 
can at present be regarded as very good; this is also borne out 
by the correctness of the conclusions based on our analysis of 
the connection between solar and geomagnetic activity. 

CONCLUSION 

The problem of the origin of geomagnetic storms, as dis¬ 
cussed here, represents a relatively very broad complex of 
problems which are solved in this connection. In addition to 
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*—- *° danfyins *' ie ' i,ion8 be,wee “ 

rzrXZZZ- rrjz^ ssr " - 

in a certain penod of the dajv !olar ^ geomagne ,ic a „ivi,y 

spots on geomagnetic activity was . ear i; cr in a number of papers, can be 

effects in the regions of spots were no. taken into 

C<> M^analysis of the results of jj a ^[ cases^ 8 howed^hathflares^m^ght 

both by statistical methods and for increa s e i n geomagnetic activity (in par- 

play a role in events which are fo 0 y | oca l agnet j c fields on 

Scalar the occur,ence of Hatesdmgh Sniquenc. of the changes in 

-U » - - 

source of ^magnetically effective corp«s»Utr«dm.mn.^ ^ ^ ^ ^ yiew of 

A study of filaments an ^ ,he “"“^yislon of filaments into three groups and 
the causes of geoactivity. We made_ain unstable and free groups are 
arrived at the conclusion that the Warn 1 However, it is not a simple 

very closely related to sources ,of g t o ttke into considera- 
problem to determine the direct sou • i tant ro ie here is played by the 

tion phenomena occurring in the coro . P^ influence of the total magne- 

— in directing corpuscular radiation (parti¬ 
cularly ejections connected with free out b y the reliability of 

The correctness of the conclusions-we ^ ^ concept ions of the geoactivity of 

the prognoses of geomagnetic acti y permit a unified interpretation of the 

expressions of solar activity. The the solar cycle, 

connection between geomagne ic an explain quite satisfactorily all the 

local magnetic fields of the Sun. 
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The results obtained hitherto are mostly of a qualitative character as followed from 
an elaboration of the results of observations and the correlation of geomagneUc and 
solar phenomena. This phase in research was indispensable for ensuring a sufficient 
to« „f neCxperimen-a] grounds; i. contributed towards the discover, of a senes 
Of new laws and should be continued. However, the problems have not yet be 
solved from the quantitative point of view as regards the investigation of physical 
conditions and the interpretation of the causes of the effects, as the, actually oce"n by 
the proposal of suitable theoretical models. These questions will be the subject 

^ThTdlscussion of events on the Sun shows that a decisive role in their formation is 
played by the magnetic fields, their distribution and dynamics. It is therefore impor- 
Jto explain their role in connection with geoactive processes and thus in relation to 
he orijn of geomagnetic storms. In this respect it will be expedient to use inter aha 
the results of research into the internal geomagnetic field (particularly of conUnen^a, 
geomagnetic anomalies and isoporic expressions) at present bemg done in our depart 
ment [89] and at the same time to carry out model expenmenta investigations of 
general magnetic fields with the possibility of applying the conclusions derived to th 
^dTlf solar magnetic fields. From the theoretical point of view one must concen¬ 
trate on the application of magnetohydrodynamical laws in explaining the causes 

magnetic fields. . , , . 

It is well known that the hydromagnetic processes taking place in the Earth s int - 
nor whTch S a certain ex, «n, par,,cip„= in ,he formation and mamtenance of «h 
Earth’s magnetic field, have a relatively great similarity to processes on other cosmic 
bodies, i.e. on stars and thus also on the Sun [90,91]. h is therefor., exped,en Uo 
use of the results obtained from research into solar phenomena for the tudy of the 
Earth’s magnetic field and vice versa. This procedure, common at many laboratories 
throughout 8 the world where questions of research into the geomagnetic field 
solved is quite logical. This is because while relatively much is known about the geo¬ 
magnetic field and its dynamic expressions (whether external or interna!)_we are no 
able to study directly hydrodynamic events appearing as the magnetic_ field on t 
Earth’s surface. It is therefore indispensable that, apart from an analysis of the sur 
Option, of the geomagnetic held, analogies should be sough, for he h, ,o- 
magnetic processes in the Earth’s interior and studied in those places where the mecha¬ 
nisms of such events, i.e. particularly on the Sun can easily be 

Quite analogously, research into the external geomagnetic field, the structure ot 
which is observed at geomagnetic observatories, must use data from studies of pro- 
cesses/which are the source of the above disturbances or a, least influence them ,0 
a certain extent to explain the causes of geomagnetic disturbances. 

Research work will have to be carried out along such lines both from the point o 
vievTf obtaining new experimental data and as regards theoretical general,nation. 
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Vytah 


K PROBLEMATICE VZNIKU GEOMAGNETICKYCH BOURl 

Bohumila Bedndfovd-NovAkovi, Vdclav Bucha, Jaroslav Halenku, 

Mojmir Koneiny 


Problematika vzniku geomagnetickych bouri, jak je diskutovana v predlozene praci, 
pfedstavuje pomSrne siroky komplex ukolu, ktere jsou v teto souvislosti fescny. 
Krome souhrnneho pohledu na dil£i faze celkoveho vyvoje geomagnetickych bouri 
jsou uvedeny nektere. nove v^sledky vyzkumu, nami dosazene za posledni obdobi, 
kterd prispivaji ke klasifikaci bouri a k objasneni vzajemnych vztahu mezi geomagne- 
tickou a slunecni aktivitou. 

Pri klasifikaci geomagnetickych bouri typova analysa ukazala, ze vetsina bouri ma 
dvoufazovy prubeh, i kdy2 nelze zanedbat ani cast, ktera ukazuje prubeh jedno- 
fazovy. U techto bouri je patrna tendence vyskytu pouze v urditem dennim obdobi. 

Pri systematickem vysetrovani vztahu mezi slunecni a geomagnetickou aktivitou 
byly ziskany nektere dfilezite poznatky prispivajici k rozhodnuti o pridinach vzniku 
geomagnetickych boufi. 

Pomerne rozsahly material, na jehoz zaklade bylo provedeno posouzeni vlivu slu- 
neSnich skvrn na geomagnetickou aktivitu, ukazal, ze skvrny samy o sobe nemohou 
byt geoaktivni; urcitou, nekterymi pracemi drive zjistfcnou souvislost lze vysvetlit tim, 
ze nebylo prihlizeno k vyskytu dalsich slunecnich jevu v oblastech skvrn. 

Rozbor vysledku pozorovani erupci, ktery jsme provedli v fade praci jak statistic- 
kymi metodami, tak pro nektere jednotlivd pfipady, ukazal, ze erupce by se mohly 
podilet na dejich, po nich miize nastat zvyseni geomagneticke aktivity (zvlastg tim, ze 
vyskyt erupci by mohl narusovat a menit tvar mistnich magnetickych poll na Slunci, 
pokud ovsem samy erupce nejsou dfisledkem zmen tSchto poll); bylo vsak nami zjis- 
teno, ze erupce nejsou prirnym zdrojem geomagneticky ucinneho korpuskularniho 
zareni. 

Studium filament* a korony prineslo nSktere nove vysledky z hlediska pricin geo- 
aktivity. Provedli jsme nove rozdeleni filament* do tfi skupin a dosli k zaveru, ze 
filamenty zarazene do skupin nestabilnich a volnych maji velice blizky vztah ke zdro- 
j*m geoaktivniho zareni. Ur&ni primeho zdroje vsak neni jednoduchy problem; 
ukazala se nutnost prihlednout k jev*m, ktere nastavaji v korone. D*lezitou roli zde 
hraji priblizne ekvatorealni koronalni proudy nebo kridla. Velky vyznam pri nasmero- 
vani korpuskularniho zareni ma tez vliv celkoveho magnetickeho pole sluneCniho 
(zvlaste pri vyronech souvisicich s volnymi filamenty vysokosirkovymi). 

Pro spravnost zav6r*, jez jsme odvodili, mluvi spolehlivost prognos geomagnetic^ 
aktivity, zalozenych na naSich predstavdeh o geoaktivitS projev* sluneCni Cinnosti. 
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Ziskane vysledky umoznujl jednotny vyklad souvislosti geomagneticke aktivity se slu- 

necni cinnosti v celem obdobi slunecnlho cyklu. . 

Je prirozene, 2e zatlm nebylo mozno vysvetlit zcela uspokoj.ve vsechny slunecm . 
situace a s nimi souvislci stav geomagneticke aktivity vzhledem k vel.ce slozitym. pod- 
mlnkam, ktere nekdy na Slunci panuji. Pro tyto 4&ly bude tFeba vyjasnCni jeStB dal- 
sich otazek zvlaste pokud jde o lokalni magneticka pole slunefim. 

Dosud ziskanC vysledky jsou vetsinou kvalitativniho charakteru, jak vyp ynu y z 
zpracovanl vysledku pozorovanl a z korelace geomagnetickych a solarnich jevu. Tato 
faze nasi vtfzkumnC Cinnosti byla nezbytne nutnd pro zajisteni dostaCujici baze novyc 
zakladnlch material* z pozorovanl. prispCla k objevenl rady novych zakomtosti a je 
nutno v ni pokracovat. Uvedena problematika vsak dosud nebyla resena po stranc 
kvantitativni, pokud jde o vysetrovant fysikalnlch podminek a objasiiovani pnCi 
zkoumanych jevu, jak ve skuteCnosti probihajl, navrzemm vhodnych teoretickych 
model*; tyto otazky budou pfedmetem dalsi nasi cinnosti. 
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K nPOBJIEMATHKE B03HHKHOBEHHfl TEOMArHUTHblX EYPE 

Bohumila Bedndrovi-Novdkovd, Vdclav Bucha, Jaroslav Halenka, 

Mojmfr Koneiny 


Ilpo6jieMaTHKa bo3hhxhobchhh reoMarHHTHbix 6ypi> b tom BHfle, xax oHa pac- 
CMaxpHBaeTCH b HacToxmeii paGoTe, npeacTaBJiaeT coGom cpaBHHTejibHO niHpoxHK 
KOMiuiexc 3a^aHHH, peuiaeMbix b stoh cbsoh. Homhmo o6mew xapaxTepHCTHXH ot- 
^ejibHbix craAHH Bcero pa3BHTHH reoMarHHTHbix 6ypb 3flecb npHBOAHTCH HexoTopbie 
HOBbie pe3yjibTaTbi HccneAOBaHHK, nonyneHHbie HaMH b nooie^Hee BpeMH h cnoco6- 
cTByfomne co3flaHHK> xjiaccH<|)HxauHH 6ypb h o6bHCHeHHK> B3 hhmhmx cBH3eif Mexcfly 
reOMarHHTHOH H COAHeHHOH aXTHBHOCTHMH. 

npH xjiaccH^HxapHH reoMarHHTHbix 6ypb thtiobom aHajiH3 noxa3aji, hto 6oAb- 
IHHHCTBO 6ypb HMeeT AByX$a3HbIH XOA H3MeHeHHH, XOTH HaCTbK) 6ypb, HMeiOmHH 
oflHO<J)a3HbiM xoa H3MeHeHHif Toxce Hejib3H npeHeSpenb. Y Taxnx 6ypb o6HapyxcH- 
BaeTCH TeHACHLlHX X nOHBAeHHK) JIHUIb B H3BeCTHOe BpeMH CyTOK. 

FIpn CHCTeMaTHnecxoM o6cjieAOBaHHH cBH3eii MexcAy cojihchhoh h reoMarmrrHOH 
axTHBHOCTHMH Gmah noAyneHbi HexoTopbie BaxcHbie CBeAeHHH, cnocoGcTByjomHe Ha- 
xoxcAeHHio npwHHH B03HHKHOBeHHH reoMarHHTHbix 6ypb. 

CpaBHHTejibHO o6uiHpHbiH MaTepHaJi, Ha ocHOBaHHH xoToporo Gbuia npoBeAeHa 
opeuxa BJIHHHHH COAHeHHbIX HHTeH Ha reOMarHHTHyK) aXTHBHOCTb, noxa3aA, hto 
nHTHa caMH no ce6e He MoryT 6brrb reoaxTHBHbiMH; paHee ycraHOBAenHyro b Hexo- 
Topbix pa6oTax onpeAeneHHyio CBH3b moxcho o6bHCHHTb TeM, hto AaJibHeHiuHe coa- 
HenHbie HBneHKH b o6AacrHX nsrreH He ynHTbiBajiHCb. 

AHanH3 pe3yjibTaTOB HaGAioAeHHH Bcnbiuiex, npoBeAeHHbifi b pnAe pa6oT c no- 

MOlUbK) CTaTHCTHHeCKHX MCTOAOB, H aHajIH3 OTACAbHblX HBJieHHH nOXa3aJIH, HTO 
BcnbiuiKH MoryT npHHHMaTb ynacTHe b npopeccax, nocne xoTopbix MoxceT HMen. 
MecTO noBbimeHHe reOMarHHTHOH axTHBHocTH (b nacTHOCTH tbkhm o6pa30M, hto 
noHBJieHHe Bcnbiuiex MoxceT HapymaTb h H3MeHHTb (JiopMy Mecrabix MarHHTHbix 
noneii Ha CoAHpe, ho Tpn ycAOBHH, hto BcnbimxH caMH He hbahiotch cJieACTBHeM H3- 
MeHeHHH 3THX nOAefi); OAHaXO MbI 0AH03HaHH0 yCTaHOBHAH, HTO BCnbmiXH He HBJIH- 
IOTCH HenOCpeACTBeHHbIM HCTOHHHXOM reOMarHHTHO 34>4>eKTHBHOrO xopnycxyjiHp- 
hoto H3AyneHHH. 

PbyHeHne boaoxoh h xopoHbi npHHecAO HexoTopbie HOBbie pe3yAbTaTbi c tohxh 
3peHHH npHHHH B03HHXH0BCHHH reoaXTHBHOCTH. EbUIO npOBeAeHO HOBOe nOAPa3Ae- 
AeHHe boaoxoh Ha TpH rpynnbi h cAeAaH bmboa, hto BOAOXHa, oTHeceHHbie x cbo6oa- 
hmm h HeycToitHHBbiM rpynnaM, HaxoAHTca b BecbMa tcchoh cbh3h c hctohhhxbmh 
reoaxTHBHoro H3JiyneHHH. OA«axo onpeAeAeHHe HenocpeACTBeHHoro HcroHHHxa He 
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TaK yjxe npocTo; 3flecb o6Hapy5KHAacb Heo6xoflHMOCTb ynKTbiBaTb HBAeHHH, nponc- 
xoflamne b KopoHe. BawHyro poJib npHTOM HrpaioT npuMepHO SKBaTopHaAbHbie 
KoponajibHbie noTOKH hah xpbuibH. BoJibiuoe 3HaneHHe Ana nanpaBJicHHOCTK xop- 
nycxyAnpHoro H3AyneHHH HMeeT Taxxce bahhhhc o6mero MarHHTHoro no ah na Coah- 
uo (n oco6chhoctm npw Bbi6pocax, CBH3aHHbix co cbo6oahwmh BbicoKoinnpoTHbiivm 

BOAOKHaMH). 

IlpaBHAbHOCTb cAeAaHHbix naMii bmboaob noATBepjKAaeTCH HaAexmocTbK) npo- 
TH030B reOMarHHTHOM aKTHBHOCTH, OCHOBaHHbIX Ha Haurnx npeACTaBAeHHHX o reo- 
aKTHBHOCTH npOHBAeHHH COAHeHHOH aKTHBHOCTH. IlOAyHeHHbie pe3yAbTaTbI AaiOT 
BO3MO3KH0CTb OAHOo6pa3HOH HHTepnpeTapHH CBH3H reOMaTHHTHOH H COAHeHHOH 
aKTHBHOCTeii bo BceM nepnoAe coahchhoto ukkab. 

EcTecTBeHHO, hto noKa eme He yAaAocb BnoAHe yAOBAeTBopHTeAbHO o6bHCHHTb 
Bee coAHeHHbie cHTyaunn h c hhmh cBH3aHHyio reoMarHHTHyio aKTHBHoeTb H3-3a 
BeebMa CAOHCHbIX yCAOBHH, C03AaK>lAHXCH HHOTAa Ha CoAHUe. flAH 3THX ueAen no- 
Tpe6yeTCH eme pa3peuiKTb p«A AaAbHeHumx BonpocoB, b nacTHOCTH, hto KacaeTCH 
MecTHbix MarHHTHbix noAeft Ha CoAHue. 

IlOAyHeHHbie ao cero BpeMeHH pe3yAbTaTbi hmciot no 6oAbuieH Mepe xanecTBeH- 
HbiH xapaKTep, Tax xax ohh hbahiotch CAeACTBneM o6pa6oTKH pe3yAbTaTOB Ha6nro- 
AeHHH h xoppeAHUHH reoMarHHTHbix h coAHeHHbix HBAeHHH. TaxaH cTaAHH Haineix HC- 
CAeAOBaTeAbcxoH AenTenbHOCTH 6bwa Heo6xoAHMa aah o6ecneneHHH aoctbtohhoh 
6a3bl AAH HOBbIX OCHOBHbIX MBTepHaAOB H3 Ha6nK>AeHHH, Tax xax OHa cnoco6cTBO- 
BaAa HaxoHCAeHHio pnaa HOBbix 3axoHOMepHOCTeix; no3TOMy Taxyro pa6oTy cneAyeT 
npoAOAH<aTb. OAHaxo npHBeAeHHan Bbime npo6AeMaTHxa He paccMaTpHBaAacb c xo- 
AHHecTBeHHOH tohkh 3peHHH, a hmchho, hto xacaeTCH HCCAeAOBaHHH 4)H3HHeCKHX ycAO- 
BHH H o6-bHCHeHHH npHHHH B03HHKH0BCHHX HCCAeAyeMbIX HBAeHHH TaK, KaK OHH npO- 
TexaiOT b AeHCTBHTeAbHOCTH, a Taxxce npoexTHpoBaHHH npnroAHbix TeopeTHHecxHx 
MOAeAefi; sthmh BonpocaMH Mbi 6yAeM 3aHHMaTbCH b AaAbHeiimeH AeHTeAbHocTH. 
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A CONTRIBUTION iO.V axOo SOLVING rH QUEGTiON OF THE OCCURRENCE OF CHRO¬ 
MOSPHERIC flares before geomagnetic storms. 

by Bohumila Bedndrcvd-N.ovdkovd 

Geophysical Institute, 

Czecosl. Acad. Sci., Prague 


ABSTRACT 

xne incorectness of -one hypcrhesio according to which flares 
should be the source of corpuscular solar radiation, which is 
responsible for the origin of geomagnetic storns, is proved on the 
basis of determining tne number of geomagnetic storms not pre¬ 
ceded by any flares. Using the Iiso of guaranteed large flares 
from the IGY of C.S. Warwick [l4j and making an analyses of the 
, S ° lsr situat i°^ securing simultaneously with flares but on the 
* CM or m the centre of the solar disc, it was shown why some fla¬ 
res v.’er.e followed by a geomagnetic storm while after others, on the 
contrary, a period of absolute geomagnetic quiet set in. 

^xnce it was shown mat geom^ne-ic storns are preceded by changes 
in the magnetic fielca in the solar chromosphere and because flares . 

t" S °^? CCUr durin,s £Uch ch snges, me question arises, v/hat role 
co flares play here? Are they the cause of such changes or are 
orey their product ? It is deduced, and observations confirm this 
--at although flares are produced as a sort of censor _nc „ -f 
.lunges in the photpspheric fields, they can simultaneous l/b e 
regarded to a certain degree as the cause of substantial changes 
chromosphere which lead to -.ue annulling of the field at 
east in that component which is represented by chromospheric 
structure ana filaments. Their relationship to geophysical effects 

o u solar corpuscular origin is, how«?ver, quite int(irect and 
very limited. 

The fact that after the first historically recorded observation of 
o flare on September 1, 1859, by Carri-ton and Hodson and also after 

the two consecutive flares on .rumust *5 _- 1070 o 

-UoUst p —>>, 1872,'which were observed 

by Young , a strong geomagnetic atom always followed , led to the hy- 
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pothesis of a connection between flares and geomagnetic storms. This 
1 hypothesis was also supported by the classical observations of G.E. 

Hale, carried out from 1892, using the new instruments developed by 
him : a spectrohelicgraph and later by means of a spectrohelioscope. 

After the discovery of the radiotelescope and after it was found by 
means o^ it that in the period when a flare occurs on the Sun,radiation 
is sometimes magnified on some wave-lengths (much longer than the opti¬ 
cal), it was hoped that this meant an indicator of an effusion of cor¬ 
puscular radiation had been found, i.e. such radiation v/hich is respon¬ 
sible for the origin of geomagnetic disturbances. It was only later 
that it was discovered that not even this fact can be used for exam¬ 
ple for prognoses etc. * 

From the hypothesis on the connection between flares and geomagnetic 
storms the opinion gradually d - eloped that flares were the direct source o 
of geoactive corpuscular radiation. However, flares in themselves are not 
high formations l^l^and than thay are observed on the edge of the solar 
disc, they do not exhibit any marked rise of matter to any great height[ 2 ]. 
They are often accompanied by rising prominences which, as will be seen 
later, may be conceived as the consequence of changes in the local mag¬ 
netic field which occur often v.ihout flares and sotimes during a flare. 

It is this random simultaneity of the two effects which is the cause 
of frequent mistakes so that tiere are some authors who speak of fla¬ 
res but ooviously have in mind rising prominences. That these are tv/o 
quice different effects, which probably have no direct physical 

inter-relationship, is borne out by the fact that disappearing filaments-' 
nsing prominences occur aimuii' 

very often in absence of flares.. It seems that the two phenomena are 
likely the consequences of one and the same cause. Sometimes they 
occur simultaneously and other times only one of them appears. 
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Flares occur almost universally in active centres and are thus on- . J 
ly one part of a complex of events which occur shortly after one ano¬ 
ther or at absolutely the same time. From the consequences occurring after 
either a shorter or a loger interval it is impossible to deduce a conne¬ 
ction with the different effects separately. This is even more difficult 
with geomagnetic storms which e:±ibit a longer time lag after sudden chan¬ 
ges occurring on the Sun. If, hovaver, the mechanism of the effusion of 
corpuscular radiation and its p;cpsgation towards the Earth is to be found, 
it must first be determined wheter such a phenomenon can be found among 
the known expressions of -solar activity which, in each period and during the 
whole cycle of solar activity, would be reliable indicator of geomagnetic , 
storms. It is also necessary t£) give physical reasons for each connection 
found. One must also take into consideration an explanation of the fact 
that sometimes no connection was found. As is clear from the many papers 
already published, it was found in the Geophysical Institute of the Cze¬ 
choslovak Academy of Sciences the f of all the known expressions of solar 
activity studied, by optical methods the best indicators of the origin of 
geomagnetic storms are filaments and the fine chromospheric structure under 
certain circumstances. As will ce seen below, in the period of greater 
solar activity, i.e. in the pened of flare occurence, these are erup¬ 
tive and disappearing filaments, denoted in the Geophysical Institute by the 
one term - unstable n filaments - which, only if they are in a suitable poai 
tion, safely indicate when a geomagnetic storm with ssc will occur [ 3^j . 

This is because such phenomena, as will be seen later, provide direct 
information on changes in the megnetic field of the Sun. And it is then 
only these changes which are actually the direct indicators of changes in the 
corona and thus also of the origin of geomagnetic storms. 

Doubts as to flares being the source of corpuscular radiation were 
raised by D.Van Sabben [ 4 ] , R.A.V/atson i"5 ] and O.M. Barsukov^] . The sta- 


i 




Approved for C0613178 6. 






♦ 


. / 
•» • 


tistical paper by C.S. V.'arv.ick and E.T. Hansen Y '[shows the not very high ^g| 

xima of the Ap-indices after flares in the period of greater solar activity 

for flares nearer to the CM but does not give positive results for the 

period before the minimum. It car: easily be supposed, end later this will ' 

be quite clearly proved, that the circumstance can regarded as merely a‘ 

statistical phenorien, as is also clear from the table given in [sj 

the more elements contained by the two series compared, the more frequently 

two of them are found which are < :cher simultaneous or follow one another 

in a certain time interval. The t .-:fect is the same although one series is 

much mo.e nu_.«_rou» l.— n tne oth. as is the - case when the number of 
ilares greatly exceeds, particularly in periods of greater activity, the 

number of geomagnetic storms. It :s seen from Tab. !. and even better 

from Fig.1 that a decrease in the number of flares after the maximum 

(19b9-60) is followed not by decrease but by an increase in the number of 

geomagnetic storms whether flare, of greater importance or whether «£*** 

all, including those with the smallest importance, are used for the con* ' 

parison. No connection can be obs crved even if one takes the number of ssc 

or the greatest storms which , according to accepted world opinion, should 

be connected with flares but which, as will be seen later, indicate no pwo- 
nouced connection. 

Table 1 ! ° . gpar-isor. better, nurbc r of fierce and nusber of gecmsftnetlc 


195Y,2ndhalf 

1958 

1959 

1960 

1961 


203 - 

527 " 

259 2208 91C 

118 1490 541 


228 5189 

551 9668 

269 5587 

157 2168 


58 787 294 48 1129 


all 

Kp-^5+ 

27 


?he results In the paper ^Hnlenla [ 9 j ,V] also give rise to doubts 
as to the direct connection between cbrouospberlc flares snd geodetic sto™ 
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ns given in " .Tie nn::or of t c= prcc:r.t taper shewed 12 that when 
studying tho flare activity of different active centres during the whole 
period of passage over the solar disc a geomagnetic storm occurred only 
after the Cl? of the active centra in which flares occurred throughout the 
period. This means that flares outside the Cm fell flat. This is in comple¬ 
te agreement with tho results of 0.". Barsukov 6 ■ . , 

In 1961 a paper was published by B. Bell f 13 from which it is 
clear that the connection between flares and geomagnetic storms is doubt¬ 
ful if if is guaranteed , and then only in the relatively long interval of 
three days, only to 50%. Not even a distribution according to the magnetic 
types Oi spoos, m the neighbournood of which the flares occured, give# 
satisfactory results, uespite these facts flares are continually given ii^d^D - 
relation with geomagnetic storms. But the question of theoretical opinions, 
in the same way as the question of prognoses, necessitates a detailed in¬ 
vestigation. Fpr this reason the author decided to supplement the work of 
B.Bell and to find, on the contrary, how great a percentage of geomagnetic 
storms is preceded by ilares. Tais kind of research is part of the work 
of the heliogeophysical group of the geomagnetic department of the Geo¬ 
physical Institute which aims at leaving r.o geomagnetic storm unexplained. 

For this purpose the material from 30.VI. 1957 to the end of 1962 
was investigated. Only material from these years,thanks to the IGY and IGC, 
can be rega* oc as practically complete as regards flares. The work was divi - 
dec into several stages. 

1) The percentage of geomagnetic storms for Kpmax 5 + was found which were 
not preceded by any flares ^ 2 in intervals of 1C-48 hours, 10-60 hours, 
10-72 hours. These are relatively long intervals. In cn earlier paper th<l 
present author found shorter mtei'vals, valid for disappearing filaments, 
i.e. 28-38 hours. Sinc9 » however on account of the small number of obser¬ 
vations from which these values ./ore derived they must be regarded as provi¬ 
sional. Since an interval of thrse days was used in the work of B.Bell, 
such longer time intervals were loft in the present paper as well. Indeed 
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2. Percentage of geomagnetic storms Xpmax. =5+ from 1957 (2nd half), 
1958, 1959, I960, 1961 and 1962. Vertical abscissae denote, from left 


right, magnitude of percentage for flares from spaces (with respect to 
CM) : 0° - 10° , 0° - 20° , 0° - 50° , 0° - 45° , 0° - 60°, 0° - 90°. 

Irom cop to bottom with respect to commencement of geomagnetic storm 
•‘■Or intervals of 10~ Annrnvsd for 006131786^^,,r»~_ 
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ii- io proved xor w^>_h ir.-orv.. a. toa: there is no connection between 

flares and geomagnetic storms, this is even more likely to be for shorter 
intervals. 

1 Alt °sether 248 geomagnetic atoms, obtained from the graphs of Kp- 
indices from Gottingen, were investigated in the manner indicated. As * 

regards flares, American catalogues ju' , 15 , is" , 17" were used. Only 

for 1962 was the Quarterly Bulletin from'Zurich'Is 'used I The results are 

Plotted in Fig.l , where the magnitude of the number of percentages is 

denoted by the vertical abscissa successively from left to right for the 

individual years and for flares considered in the areas defined by the 

distances from the CM: 0°-10° , 0°-20°, 0°-30°, 0°-45°, 0°-60° and 0°v90°, 

apd from the top downwards for the different time intervals, beginning 

With the shortest ar.d ending with the longest, as given above. 

It is seen that the height of the percentages of geomagnetic storms 
not preceded by a flare is considerable in all cases. Of the large number 
of flares e.g. in the period of sunspot maximum, there are less geomagnetic 
storms without flares than ir. other years when there were less flares (see 
Tab.I and Fig.l ). The percentages of geomagnetic storms continually decrease 
With a gradual increase in flares as the distance frdSfflc grows. They 
also decrease gradually and disproportionately as the length of the time 
interval increased which is again connected with a rise in the number of 
flares, the more likely one is to occur in the critical interval before a 
geomagnetic ..term. However, such an occurrence need not indicate an inter¬ 
dependence. It is merely a statistical matter. If this fact is taken into, 
consideration, it must be deduced from the graph in Fig .2 that the conne¬ 
ction between flares and geomagnetic storms can be only random. Later this 
this conception will be made somewhat more exact and supplemented. 

2 ) since it might be objected that it is actually only large geomagne- 

1 -tOxw Which are connected with flares, it was necessary'to investigate 
the percentage of the number of geomagnetic storms with Kpmax-3- 7+ ana 
Kpminn 5-.!n this P art of work the Quarterly Bulletins fisl were used in 
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Fig.4. Percentage of geomagnetic storms with sudden commencement not 
preceded by flare ( imp. ""= 2) at distances from 0° to 10° 
from CM. 
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the hope that :h<. r.umber of fi ..r.*u v/e-ls be os complete os possible and im*\ 
portances "= 3 , ""=2 and *= 1- occurring between 0° to 10° f-fcom the CM in 
intervals of -3 days to -1 day with respect to the commencement of the 
geomagnetic storm ( first part of Tab. II ) were considered separately. The 
results are plotted in Fig.2. Since there were no large geomagnetic storms 
in 1962, only material up to the end of 1961 was treated. It is seen that 
even for large geomagnetic storms the percentages of cases without preceding 
flares were considerable in 1953-51 not only for the largest flares but 
also when using flares '=’ 2 , when they were above 50%. Although the per- 

t 

9 > 
centages of large storms without flares = 1- are zero for 1957 and 1959, 

in 1961 they already reach 6C%. This circumstance can easily be explained 
on the conception of a large number of flares in the years around the ma¬ 
ximum (see-Tab. I ). 

3) For the investigation of geomagnetic storms in relation to flares 
to be complete, one must also consider ssc which are likely to be connec¬ 
ted with sudden solar phenomena on she CM, such as flares etc. V/e investi¬ 
gated 126 ssc chosen from the graphs of prof. J. 3artel3. In this part 
of the work scares of importance =2 w.rich occurred in the interval from 
C to 10 from tne CM were used. The heights of the percentages of geo- 
magnetic suorms witn ssc from 19^7-52 not preceded by flares are plotted 
1^ 4. Beginning with 195S tnese are values above 50 %. The maximum 

is reached in 1961 (93%). It is seen that not even with geomagnetic storms 

with a sudden commencement is ar.y connection found with flares in the 
neighbourhood of the CM. 


Table II. Percc-r.tare of number o f large geomagnetic storms (Kpmax =~ 7+. 

Kpnir.. ~= 5-), not prac e :.od by any flare from 0 U -10° from CM. 


A T umbor of flares bo for - 'storm. 


Xuaber fl " res fr0 ~ tc :_ 

Year of_'“>-3__' = 2_. _"-1- ~";from -3to-l_day 

storm number % number %'number -3 '=2 ■-"=1- 


Number of flares 


57 

id 

ilf 

7 

: 2 

■ 29 

1 

• 

14 

0 

! i 

; u 

c 

27 

u 

; 2 

! 5 

i 

i 

30 

— f- 

r 

t 

t 

+7 

! 

' +22 

+61 

953 

9 

7 

73 

5 

55 

2 

;22 : 


14 

: 59 

| 0 

i 

; 4 

39 

+2 

+10 | 

+20 

959 

6 

4 


A 

T 

50 

0 

• v~ 

/ 

*T 

. H 

64 

i o 

4 

17 

+ 4 

; 

+47 

/* r ■-» 

J ' ‘ ' • 

"■ o 

7 

53 

■7 

53 

3 


5 

7 

56 

! 2 

■ 10 

49 

+ 3 

( 

-5 ! 

+ .7 

561 


u: 

J 

ICO 

5 

** 

3 

60 


0 

16 

; o 

-j. 

17 

0 

i 

- 1 i 

i 

- 1 


fromO_ to+2day 
.=3 . '=2 


before-after 

- 3 1 '=2 r= 1- 


-Approved for rtiN£sle^5)S>tFcJi£Q C06131786- 












__ 30. IX. 1958 
_22.X. 

_ 24.X. 

__ 27.X. 

_ A. XU. 

_ 13.X//. 

_ 15. XII. 

Z IX X//. 

_ 9./. 1959 
_25.l. 

_ 11 .//. 

_ It//. 

_ 22 .//. 

_ 2A.H. 

~2S.HI. 

_ 9.1V. 

_ 23./V. 

4.V. 

XV. 

JIM 

_ 24. V. 

_ 11.V/. 

_ 29. VI. 

11.VI/. 

iov/i. 

17. VII. 

IS.VIII. 

. 3. IX. 

. 2Q./X. 

29.X. 

27X1. 

5.X/I. 

' l 23.X//. 


- ic flares -2 

), befor (from 

distances from 

eater solar 
er letters. 





3;2 ,~1 . 0 .*1 *2 


-3 -2 .-■/ 0*1 +2 





3.11.1961 











The second part of Too. II compares the' number of flares occurring 
in the interval of one to three days before the geomagnetic storm 
(large storms and flares _ =3, 2 and "= 1-) with the number of 

flares not occurring until after the commencement of the storm up to the 
+2 day. The result is very instructive. The number of flares preceding 
is somewhat higher so that the difference inthe two numbers gives 
positive numbers except for 1961. For medium and large flares it is 
zero in I960. It is seen again, primarily for medium and large flares, 
that the value of the difference decreases with a decrease in the to¬ 
tal number of flares. Kov/ever, despite everything, there exists on 
the average a sort of predominance of the number of flares occurring hsrf 
before compared with the number of flares occurring after the commence¬ 
ment of a geomagnetic storm. In order to determine this more exactly for 
a larger number of cases, a similar investigation was made for a set of 
all ssc. The results are plotted in Fig. 5 a and 5 b ( all storms with 
ssc, appart from one large storm on 50.III. i960, which had gradual 
commencement).It is seen that here, too, flares occur both before 

and after the commencement of a storm. T _ , 

Ijl , however, we add up 

all tne flares we obtain a higher number before storms (75) * 

than after storms (21) . If, in addition, we consider that 

this graph gives a high percentage of geomagnetic storms notpreceded by 

1 ' \ 

any j-lar^s (68%) and simultaneously also a certain percentage when 

flares occurred only after the commencement of the storm(7%) then it 

be deduced that if there exists a connection betweengeomagnetic storms 

with ssc and flares it must be qite limited and indirect, 
from ' 

4) V/hat\this interdependence may have , can be determined as 
follows. It was shown earlier that a geomagnetic storm occurred after 
a flare if an unstable filament or active centre with unstable filaments, 
surges etc., were simultaneously on the CM or even better in the centre 
of the solar disc [ 20 },^23/. Since the opinion is still held that large 
flares are after all connected with geomagnetic storms, an investigation 
of the solar situations during the occurrence of large flares was made 
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Fig,7. Course of A?- indices after large flare (imp. = 3-) during si¬ 
multaneous presence of unstable filament in centre of visible solar 

year 

disc ( cay of flare occurrence is zero day F7\1958 (flare from 
' corrected catalogue of C.S. .'/aiv/icK ). 
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at tho suggeotion of CoS. Warwick, who kindly oupplied the reworked ca- 

■a 

talogue of large flarea from the IOY. Pjrom the liot of days on which largo 
flares certainly occurred, the following groups wore chosen: 1) with si¬ 
multaneous occurrence ( in the limits of one day) of filaments in the 
centre of the solar disc regardless of the pooition of tho flaro ond ito ^ 
diotanoo from tho CM and also from tho filomont, 2) with oiaultonoouo CMP 
of the active centi^rithout flare activity, 3) without the presence of an 
unstable filament, and likewise in the absence of other phonomena, 4) tho 
occurrence of unstable filaments was not oimultanoouo, tho filament either ^ 
preceded or followed the day when large flaro occurred. The results are 
given in Figs 6-7 which show the course of the Ap-indiceo plottod for v_ 

the different days characterised by the occurrence of at least one flare 
from 1957 (2nd half) and 1958 for group 1) , i.o. for tho casos when Cn • 

unstable filament was present in the centre of the color disc. 'Piguros ^ 

,— -* 

8 a,b, c and d are valid successively for all obovo-montionod . groups; 
in them are plotted the courses of the average A^indlces calculated on 
the basic of tho method* of superposed epochs. It io coon from all the graphs^ 
6 -8 that an unstable filament was necessary in ordor that o gcomagnotic ' 
storm might occur; the presence of a flare was not dooioive. If o filomont ' 
was not present a decrease occurred in the Ap-indicoo aftox^a flaro. 

In Fig. 8 d the maxima are not pronounced and aro die placed oo a conoe- . /o 

quence of the uncorresponding and displaced poooogoo of unstcblo filaments. 

6 

In the coco Qf Fig. 8 b the decrease io caused by tho CUP of tho activo 
centre which does not vary very much. It io oeon from all thio that floreo — , 
cannot be directly connected with the occurronoo of gcomagnotic otor&s. The J 
slight traco of connection, based on the foot that there io a lorger'number- j 
of flares before the commencement of a otorm than aftor it, may bo f ■* 


the consequence only of an directors connection with which wo oho 11 deal 


in the analysis of the results. 


. I 

l 
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Recapitulation and snalvsis of real 


It must be borne in mind that l) a direct connection between flares anc 
,:eo magnetic storms i3 disputable if it is considered that is obtained ir. oi 
ly 50 % of the cases 2) if geomagnetic storms exist in periods whei 

flares do not occur, a direct connection must be considered doubtful ; 

in no case did flares prove suitable as an Indicator of geomagnetic 
ex-ormc in prognoses ; 4) statistical papers dealing with the connection 

oetween flares and geomagnetic storms and giving results based on the avera i 
••-alues of Ap-indices, exhibit lew and unpronounced maxima falifiol. This 


fact in itself raises doubts as to the hypothesis on the direct connection 
lut./oen geomagnetic atoms and Hares [ll~jj . 5) The fact that in the. period • 
before and after minimum no connection between flares and geomagnetic storms 

"T 

ft obtained < U 7J is a confirmaticn of the incorrectness of the flare hypothe¬ 
tic. 6) Not the slightest connection between the importance of a flare and 

the occurrence of a geomagnetic 3tom wa3 obtained in any convincing manner. 

* ■ 

lucre are many large geomagnetic storms preceded only by the weakest flare. 
Apart from this there are also the results of the present paper where*' 


material from 3C.V1. 1957 to the and of 1962 was used. It was 


fbi$5 


’ that"*? 


there exist high percentages of the number of geomagnetic storms before v/hiC 1 
not a single flare was observed even in relatively long internals (up to 
three days before), the percentages decrease if the chosen interval is Ion- 
. r and more flares are taken int.' consideration, and increase with a ’decreo< 
in tne number of flares (they also depend on Habitations as mger^ distal 
co from Cli and importance and on the period of the $l*ven-yearlcycle). $ I 
It is thus clear that we have to do with only a statistical effect. T^e Irffg. 
th,: number of elements being compared, the more frequently it happens that 
-oth fall simultaneously into the chosen time interval and this p even more 
likely if a longer interval is chosen. When there is a large number of flare* 
Uee Tab. I. Fig 1 ) it is more likely that one will occur by chance in the 

•*"•**■ 

interval of three days before a geomagnetic storm beyond the than > 


* V- 
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beyond or before the minimum, when the number of flaree disproportionate¬ 
ly falls, while the number of geomagnetic storms decreases much less. This 
fact was proved for all geomagnetic storms : from Kpaax "= 5+, and fbr lor- • 
ge atoms: Kpmaac <= 7+ and Kpmin = 5-, and also for all ? ssc.Ir .the percen¬ 
tages of sudden commencements without a flare are compared with other storms 
the latter ore somewhat lower although they are stll^ large, 8) The apparent 

»" 4 

connection between flares and geomagnetic storms can be explained by the 
multaneous occurrence of^ other effects on the CM and possibly directly in the ■ 
centre of the solar disc, as has been shown earlier ^2cQ, 1 . 

The somewhat larger number of flares occurring before geomagnetic 
storms compared with that following after the commencement of a storm indi- 

A 

cates a alight connection, although this is limited Compared wltA the high 

>r 

percentages of storm occurence without.a flare.This is Just what* can be 
found from the observations: that during a flare there is sometimes a 
greate^ probability of the occurrence of a geomagnetic storm althoBgh at 
other tij^es this is not true at ell.It seems that not always but only aometi^j 
mes do flares have the tendency to precede the ocourrence of s geomagnetic 
storm. And this is Just what, as a consequence of point 8), is the osuse 

of thp rise in Ap-indices after a flat's. The indirect connect ion can be 

•# 

explained by the presence of other affects. These ore priwurily^unstable file 
ments ; their change from filaments of other types shows that not even 
here is there a simple connection: but that s pro founder eignlficancs must* be 

« i. ■ 

ascribed to this circumstance. This means a completely new ^/iew of the r^» 

lations between solar and geomagnetic activity: flares occur moltly in'sctW 

ve centres. In such places there are strong magnetic fields j which are mai^L- 

fest, although with smaller intensity, also in the chromosphere'and ialthe 

corona. The way in thlch such fields are districted in the spec# above * 

• 

active centres is designed bj the chromospheric structure end the shapes 
of the filaments-prominences. When changes occur in the local ipagnetic field 
a change takes place in the chromospheric and coronal structures and this 
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can be studied with great certainty on hydrogen masses above the active j 

centre and its neighbourhood. Under certain conditions the filaments and chro*f 
mospheric structure disapear altogether. It can be deduced from this that in j 
such cases changes occurred in the given layers which had the yosult that t j 
the field was " disappear " there. This apparently, primarily concerns one of 
ite componento.lt can occuVsuddenly or gradually, temporarily or permanently. 
During such changes flares often, though not always, occur. Slnoo tho "disap¬ 
pearance" of the local magnetic field in the centre of the solar dioc - iaider 
certain conditions also outside the centre but on tho Ct! - oltrayo moan3 the 
advent of a geomagnetic storm flaroo are aloo classified 

among processes which occur around the same time as the commencement of the 

0 

geoamgnetic storm appears on the Sun. 

The question remains, what is important from the point of yidw of 

theoretical opinion as well as for practical use: are flares the cause of . j 

0 

changes in local magnetic fields or their consequence ? TJiia will certainly 
be the subject of discussion for a long time to come, until the very nature ! 
of flares is known. A flare as the cause of a disturbance of magnetic field 
in the chromosphere is also considered by M.A. Ellison • Perhaps this ‘ 
question could be answered by the conception of a combination of magnetic 
and electric conditions in the orter solar layers. 

It is also necessary to explain some facte which, if incorrectly 
interpreted, might lead to controversies. This is primarily the question 
of changes and the possible annulling of chromospheric fields. These occur v' 
sometimes during a flare and at other times simply without it. Flares occur 

o * 

in the majority of cases above active centres with a complex structure of 
magnetic fiolds. It can be expected that a very effective interference will 
be required to annul chromospheric fields which in this case have conside¬ 
rable intensity. And it is during e flare {often regaa^Less of the importance) 
that the dleappearence of chromospheric structure and filaments can be obser¬ 
ved in dif$rent places. On the other hand, if the fields nrmn are very weak 
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such aa those distributed above facular Areas without sunspots a quite femal 
change is enough to bring about such an effect* In such cases quite insi¬ 
gnificant flares ere usually present in the active region # t>r its aursfcun- 
dings or flares do not occur there at all# . *" 

e 

It is certain, of course, that sometimes, after fe .certain time 

after a the chromospheric structure is restored to what it was be far 

• * .1 

and the filaments also appear as though they had not disappeared at all* 

An ** 

This happens if it lava region .alcove strong photo spheric fields. As soon a; 

after a flare in the outer layers above the active centre is renewed thqj 

normal 9tate, i.e. the state they had before, than the hydrogen masses/ * 

partly still unionized and partly already recombined, begin to rewinds ^ y 

around the lines of force of the still existing magnetic field reaching 

here from the photosphere* Tis cpould explain the cpronal origin of pro- 

minencea considered by K.O. Kiepcnheuer [25^* 

Another objection to considering flares as the cause of changes lyma 

netic fields might be the fact <;lat the changes in local magnetic fields 

actually occur before the flares. But , according to our own subjective 

impressions obtained during observations, the changes bef 6re flares are ^ 

of a different kind to those observed Immediately after them* Before'a ‘ ' 

flare there is an "increase in intensity and extent of the 'field which ^ 

becomes more and more complicated. Then surges and small filaments are ? 

produced* These arejphenomena of short duration. It depends on the aspect 

from which we explain the process leading to the annulling of the field.’ - ^ 

In any case, however, we must admitljhat we have here the conditions for tfJ 

superposition of fields and their temporary compensation, w^ich is xnanifrs 

differently in different places. These are changes appearing rather as 

, isolated cases* While large and extensive changes occur only during the 9 XZ&j 

re and after it. If an active centre is observed jJust after a flare, it can 

be said that a considerable and very striking simplification of the chro- f 

mospheric structure has taken plaoe and sometimes it completely disappear^ 

over large areas* Anyone who deals with the observation and study if fine J 

fm j 

,.: , i~ 
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chromospheric structure and filaments can find this difference himself an£r| 
there are certainly many who have already observed it# t J 

However , there should be no misunderstanding. The question of 
whether a flare is the cause or consequence of changes in magnetic fields 
in the chromosphere cannot for the time being be decided even by the argu» 
nents given here. It should also be borne in mind that, whatever the ca- 

• ti 

se, one cannot in any case speak of a direct and universal connection bet??:.< 
ween flares and geomagnetic storms. This might be permissible perhaps 
only in very limited cases when annulling of the fields occurred in the 
active centre Just in the centre of the solar disc or under certain con¬ 
ditions on th^JM and when fibres also occurred Just in this centre. But j 
even then the connection v/ould be indirect. The actual and nearest indi¬ 
cators of this fact are always unstable filaments. This can be explained 

M 

by means of the known relation between filaments and coronal formations " ! 

extending above them. As has already been shown a geomagnetic storm 

occurs when some coronal formation is directed towafd the Earth. The dens.it 

o f the 

ty of the coronal plasma, in other words the density^corpuscular streams 
is apparently directly related to the magnitude of the geomagnetic storm 
and vice versa. A filament and the chromosphere obviously contribute by 
their masses so that after their ionization, which occurs in certain 
layers of the corona - apparently layers at heights to, which the rising prq 
minences reach - the coronal plasma becomes denser. As was" to be laJjectej^- 

perhaps, there definitely exists no simple relation between the size of 

% 

a filament and the magnitude of a geomagnetic storm. This is natural since 

t 

the main question here is to what percentage the atoms were ionized. It 
is not impossible, however, that the necessary parameters could be de4ermin 


ned by a detailed study, e.g. by determining the amount of masses which 
returned to the chromospere etc:. I » ^ 

On the basis of the above considerations and wtiole series of workings 
hypotheses and using the results'of observations , a new method of fore- 
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casting geomagnetic activity, disturbances and quiet, was elaborated |f>6J • 
Its successful try-out in practice proves the correctness both of the ' 


method itself and of the corresponding hypotheses. In order to 


f f the 
e able 


to forecast every geomagnetic storm with maximum accuracy t a correct and , 
continuous obligations of the Sun is required. Only in this way is it 
possible to record all^sudden and of short duration phenomena which pre¬ 
cede the occurrence of geomagnetic storms. And only in this wsJ will it 

t m.+ 

be possible to forecast each period of absolute geomagnetic quiat which fo- 

c and also Sbave which , 

lows after the CMP of an active centre in WftlcEVtJie Eagnetic field was 
not annulled. 


Table III. 






a) Iramedlst e ^re su lts : 

1) disappearing filaments exist elso 
rising prominences without fl 


exist elso no dependent 
without flares 

of flare 


limited 

indirect 

connection 



b) Later results: 


4) geomagnetic storms 


exist also not directly 
without flares dependent on 
(high percen- importance 
tage well a bo- 0 f flare 
ve 50%) 

not all flares 
are followed 
by geomagnetic 

storms (50%) 


limited 

indirect , +■* 
connection 


5) polar aurorae are accompanying phenomenon of geomagnetic storms and the 
same holds for them as for storms. 
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To bum ap , it must bo explained what form the eonneetlon between^ 
flares and some solar and geophysical effects, has Jndgii^ by what 
we have had the opportunity to observe. The analysis 14 glSen in Tab.II^^j 
according to which the SFis and Dellinger effect begin immediately after 
a flare, depend on the magnitude of ite importance and are thus di- 

i 

rectly related to it. Meanwhile, however , the dieappearir^ filaments- 

I 

-rising prominences, despite the fact that they occur near to the flare 

r ^ 

in time - and often absolutely simultaneously jjfczj * are, like the 
effects occuring after it in a longer time interval, i .as geomagnetic * 

i 

storms and polar aurorae, indirectly related to the flare. In order 
to supplement Tab. Hi the connection between flares and radio out- > 
bursts will have to be verified in a radical manner. Accordir^ to the 
work of J. Halenka Jj&J , one could deduce a oertain dependence on 
the presence of a fialemnt. 
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Atmoapheric Electricity Reaearch in the Far Eaat 
' . H. Hatnkeyama 

1. Atmospheric electric observations in the upper atmosphere. 

Observations of the electrical conductivity and the electric field 
in the upper atmosphere were made twice a day during the World Meteoro¬ 
logical Intervals in the IGY and ICC at four stations in Japan—Sapporo 
(43°03'N, 141° 20'E), Tateno (36°03'N, 140°08'E), Hachijojima (33‘07'N, 
139®47»E) and Kagoshima (31°38'N, 130°36'E). 

The results of observations were discussed by K. Uchikawi (1961) 

k*. 

and showithat the mean vertical distribution of the conductivity obtained 

A 

at respective stations are almost equal to each other from the ground up 
to 500 mb level and that the conductivity increases with the latitude 
in the upper troposphere and in the lower stratosphere as shown graphi¬ 
cally in Fig. 1. This suggests that the conductivity in the free atmos¬ 
phere is mainly under the control of cosmic ray intensity, because the 
total intensity of cosmic rays increases with the geomagnetic latitude. 

Kean values of the potential gradient in the upper atmosphere 
obtained at four stations are shown in Fig. 2. Values of the potential 
gradient are large near the ground and decrease exponentially with an 
altitude. Above 100 mb level the value becomes lower than 5 V/m. However, 
as the accuracy of the measurement is ± 5 V/m, the electric field 
intensity above ICO mb level could not measured precisely. 

When the exchange layer develops, as shown in Fig. 3, the sudden 
decrease in the atmospheric electric field and relatively small sudden 
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increase in the electrical conductivity were observed at the top of the 
exchange layer as in other measurements in foreign countries. This 
marked decrease and increase disappear for several days after the low 
pressure or the cyclone passes through the observation pcint because the 
exchange layer fades away after the low pressure. 

The conduction current in the exchange layer is about 1.3 times 
lapger than that above the exchange layer.' Thi3 means that the "Austausch" 
contributes to generate the conduction current in the exchange layer 
through the rapid production of ions. 

Day to day variations of the electric field and the electrical 
conductivity in the upper troposphere were investigated. These varia¬ 
tions are related to meteorological factors, such as the air mass, the 
upward or downward motion of the air, and the jet stream. For example 
the increasing rate of the electrical conductivity with respect to the 
latitude in case of a strong jet stream is larger than that ir. a weak jet. 

The concentration of small ions wa3 computed from the observed elec¬ 
trical conductivity. The vertical air currents in and around the Jet 
stream were calculated using the time and space variation of the concen¬ 
tration of small ions. When the intensity of the Jet stream is increasing, 
downward motions of the air predominate in and around the Jet stream, 
only except the southern and lower part of it where upward motion exista. 
And vice versa when the intensity of the Jet stream is decreasing. An 
example of which is shown in Fig. 4. These characteristics coincide 
qualitatively with those obtained thermodynamic ally from the time and 
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space variations of the air temperature. 

At Poona in India, observations of the potential gradient using 
radiosonde techniques have been made since 1953 and systematic observa¬ 
tions were made during the IGY. The results of the observations were 
discussed by S. P. Venkiteshwaran and Anna Mani (1962). 

During clear weather, in both winter and summer, the higher values 
of potential gradient are confined to a region extending from the graund 
to about 600-500 mb, above which height it either remains fairly constant, 
at about 20 V/m, or increase slightly with height. Within the exchange 
layer, there are appreciable diurnal variations in the potential gradient. 
They are at a minimum and almost constant during the hotter parts of the 
day and higher at other times. 

The data obtained during the IGY 1957-59 have been classified into 
four groups, corresponding to the four main seasons — (1) November- 
February (Winter), (2) March-Kay (Summer), (3) June-August (Monsoon 
season) and (4) September-October (when the monsoon is withdrawing and 
the skies are clear or partly covered with low clouds with a few thunder¬ 
storms). Examples of the results of observations are shown in Fig. 5« 

In winter, high potential values are confined to a region from the 

~Xaj 

ground up te about 600 mb (4.4 km), above which, which represents^the 
top of the austausch region, the potential gradient remains almost steady 
(about 10-40 V/m) with increasing height up to about 300 mb (9.7km). Above 
which it again increases up to the highest levels studied, 50 mb (19 km), 
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suggesting an inc.-cas© in the particle content of the atmosphere. The 
300 mb region nearly corresponds to the altitude of the jet stream over 
-India to the north of Poona. The increase in the potential gradient 
above 300 nib therefore suggests the existence of fine suspended particles, 
presumably of extra terrestrial origin, in a larger concentration just 
above the level where the extra-tropical stratosphere flov/s into the 
troposphere, through the region of the Jet stream between the tropical 
and extra-tropical stratospheres. 

The conditions over Poona in the summer season are as follows: 

(a) The austausch region extends up to 500 mb (5.8 km), about 1.4 km higher 
than in winter: (b) the region of maximum potential gradient lies very 
near the ground and the potential gradient generally decreases with height 
up to 500 mb: (c) above the austausch region, the potential gradient is 
quite steady at the 500 mb value up to 150 mb (14.2 km) or above: and (d) 
the potential gradient above 500 mb is of the order of 20-80 V/m compared 
to 10-40 V/m during winter. 

The observations during the monsoon month are again markedly differ¬ 
ent from those observed in either winter or summer. The potential gradient 
attain* its highest values between 800 and 600 mb, which is the region of 
maximum cloudiness during the season. The upper limit of the region of 
high potential gradient (500 mb) also represents roughly the top of the 
clouds during this season. The most important difference is the steady 
fall in the potential gradient above 500 mb, from 20-60 V/m to about 20- 
40 V/m at 200 mb, and decreasing to less than 10 V/m at about 100 mb. 
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September and October is a transition period when the monsoon is 
withdrawing and winter conditions are setting in. The potential gradient 
values are characteristic of both seasons. 

T. Sekigawa (I960) observed and discussed the atmospheric electric 
potential gradient at the summit of Kt. Fuji (3,776 m). Results are shown 
graphically in Fig. 6. In summer months (Kay-August), the potential 
gradient is large in later afternoon hours and small at about midnight. 

On the contrary, in winter months (November-February) it is large in early 

CJt 

morning hours and small in later morning hours. In equinolfial months 
(March, April, September and October) the diurnal variation is double 
oscillation and maxima appear after midnight and in later afternoon hours 
and minima in the morning and in the evening hours. 

The diurnal variation in winter corresponds to the universal change 
of potential gradient (9h L. M. T. = Oh U. T.). In summer months the 
top of the exchange layer exceeds the summit of Mt. Fuji, and the potential 
gradient is higher in afternoon hours and smaller in night hours. And in 
equinoipial months characteristic of both summer and winter appears. 

2. Atmospheric electric elements near the ground. 

Kondo (1959) discussed the secular change of atmospheric electric 
elements using the observational data at the Kakioka Magnetic Observatory 
for the period 1930-1957- He found that the potential gradient is decreas¬ 
ing and the electrical conductivity is increasing 3ince 1953. He thought 
the cause of this decrease in the potential, gradient and increase in the 
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electrical conductivity was the artificial radioactivity of fallouts due 
to the test explosions of nuclear boobs. 

Secular variations of the potential gradient at Kakioka (3b 14'N, 
140° 11'E) and Memambetsu (43 9 55'N, 144'12'E) are shown in Fig. 7. The 
curve of Kakioka is the deviation from the mean value 130 V/m for 1936- 
49, and that ef for MemambetBu is that from the mean value 124 V/m for 
1950-53. In the fall of 1958 the test explosions were stopped and the 
potential gradient gradually recovered its normal value, but in the summer 
of 1961 the test explosions were again started and the potential gradient 
is decreasing speedily. 

Hatakeyama and Kawano (1953) reported the diurnal change of the 
potential gradient at several places in Japan. In Tokyo we have observa¬ 
tions of that in rather old time 1897-1903, which is shown in Fig. 8. We 
are making the observation ef potential gradient in Tokyo since January, 
1962. The mean diurnal variation January-August, 1962, is shown also in 
Fig. 8. This type of diurnal variation is usually seen in large cities. 

In the upper part of Fig. 8, the mean diurnal variation at Kakioka 
for the period 1936-55 is shown. The distance between Tokyo and Kakioka 
is about 70 km and the type of the diurnal variation at Kakioka has never 
changed up to the present. Sixty year* ago, the air at Tokyo was very 
clear aral the type of the diurnal variation was rural. 

Misaki (1950, 1961) devised a nothod for measuring the ion spectrum 
and discussed the relation between the ion spectrum and the electrical 
conductivity. According to his method the inner cylinder of aspiration 
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apparatus is divided into two parts. The value [JT ~ ) is observed 

( 4f** ; ^ 

_^1 _ 'j as ordinate 

\ v /I 

and potential applied to the outer cylinder as abscissa ( »,, > C, f 1 x ; C 2 . 
are current and capacity of each part respectively). Ion spectrum is 
obtained by deriving the first derivative of this characteristic curve and 
the second derivative is not needed. 

Re made experiments for obtaining the mobility spectrum of atmospheric 
ions in the mobility region between 3.0 and 0.2 cm*'/V.sec. in i 960 in the 
polluted air at Tokyo and in the clear air at Karuizawa. Results of the 
diurnal series of observations made at both sites indicate some effects of 
pollution on the relation between the electrical conductivity and the 
mobility spectrum. In the polluted air, scores of per cent of the conduc¬ 
tivity is attributed to the large or the intermediate ions while the 
conductivity in the clear air is practically attributed to the small ions 
only, as is generally believed. 

The spectrum of the small ions does not shift on the mobility axis, 
maximum concentration lying in the interval 1.0-0.7 cm*'/V.sec., regardless 
of the variations in the conductivity. On the contrary, the equivalent 
mobility, i. e. the ratio of the polar conductivity to the small ion con¬ 
centration, changes with the variations of the conductivity in the intensely 
polluted air. An example of the results of observations are shown in Pig. 


The ionizations by ol-, ^3-, r f - rays and -, 'J - rays and the 
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natural radioactive dust concentration in the atmosphere near the ground 
hare been observed continuously with two ionization chambers and an electro¬ 
static precipitator at Tanashi near Tokyo since April, 1958, by M. Kavano 
and S. Nakatani (1958, 1959). They discussed the results of observations. 

On fine days the diurnal variation of the ionization by ($-» 

X- rays is similar to that of the ionization by ft-, If" raJ9 ’ Km 
is shown in Fig. 10, the maximum value occurs in early morning (4-6 h), 
and the minimum in the daytime (11-13 h). On cloudy and rainy days the 
time variations are very irregular and the values are considerably larger 
than those on fine days. On fine days the values of ( (* , *)/( *, ) 

are about 2-5 per cent, being large in the daytime and small at night, but 
the values en cloudy and rainy days are considerably smaller than these 

on fine days. 

The natural radioactive dust concentration is large at night and 
small in the daytime, and the diurnal variation being similar to that of 
ionization. But the amplitude of the diurnal variation curve of the dust 
concentration collected with the electrostatic precipitator is remarkably 
larger than that of the ionization by j9', T - ra 7 8 measured with an 
ionization chamber. 

The results of simultaneous observations mentioned above seem to be 
important for the researches on the natural radioactivity and on the fre¬ 
quency distribution of the particle size of the radioactive dusts in the 
atmosphere. 

H. Kawano and S. Nakatani (1961) studied the size distribution of 
dust particles suspended in the atmosphere near the ground which carry the 
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I 

II 

III 

IV 

5.2-1.3 

2.5-0.9 

0.9-0.5 

0.5-0.3 


10 

13 

200 

0 

0 

u 

17 


naturally ©ccurriiig radioactive substances by the cascade impactor and 
autoradiography. The cascade impactor was used for classifying the dust 
particles into four groups by their particle sizes, and the autoradiography 
was used for counting the number of ^ -tracks ef each class at 0 hrs and 
18 hrs after collection by the impactor. 


Table. Size distribution ®f dust particles 
which hold the of-activity. 


Class 

Particle size (^A ) 

Number of ^-tracks at 0 hra 
after collection (per unit area) j 

Number of -tracks at 18 hrs ! 
after collection (per unit area) j 


According to the results of measurements, as shown in the Table, a 
large part of naturally occurring radioactive dust was concentrated in the 
size range below 0.5^i, and the radioactivity was radiated almost solely 

from radon and thoron daughter products of short half lives. 

■sa-C 

M. Kawano (1957) pointed^the abnormal increase of the ionization by 
o( -, ^ ft” - rays was found during the solar eclipse on April 19, 1958. 
As is shown in Fig. 11, the maximum value occurred at the time of maximum 
obscuration and was more than twice that on the other days. 

• 

3. Atmospheric electric elements during disturbed weather. 

Ch. Magono and K. Orikasa (I960, 1961) and K. Orikasa (1962) made 
simultaneous observations of the surface electric fields, the charge on 
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raindrops and snow particles, the fora o? anew particles and the intensity 
of rainfall and snowfall from 1956 to I960 at Sapporo. And the latter 
author made similar observations simultaneously at two stations 1.2 km 
apart each other. 

Analysing the data of these records, the following conclusions were 

obtained. When the rainfall was light ®r steady, positive field relatively 

smaller than those of fine weather or negative field was observed, and 

when there was light or steady snowfall, positive field was observed. During 

continuous heavy rain or snowfall and during heavy rain shower or snow 

shower, wave patterns of the electric field were often observed. 

In almost all the cases ef positive or negative electrie field and 

1 eJi 

of the wave patterns of field, mirror image relations ho±& generally 
between the sign of electric field and the sign of electric charge on rain 
or snow particles. But in the beginning of rain or snowfall and when the 
rapid increase in the intensity of rain or snowfall occurred, the sign of 

AM- 

the electric field and the sign of electric charge on particles beeaBOO 

the same. An example of the observation is shown in Fig. 12. 

To explain the mirror image relation mentioned above, the author 

considered that the rain or snow particles were mainly electrified in the 

r 

cloud and carded electric charges down to the ground, consequently the 
cloud may be electrified to the sign opposite to the net charge which was 
carried down to the ground by the particles. The case of the same sign of 
both the electric field and the electric charge on rain or snow particles 
was explained hypothetically by considering the space charge due to charged 
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rain or snow particles. 

Kikuchi and Magono (1961, 1961a) measured charges on natural snow 
crystals before and after their artificial melting during snowfall. It 
was found that the snow crystals obtained considerable positive charge 
when they were melted. This observation appears to explain the above 
mentioned general observational fact that in steady rainfall negative 
surface electric field is predominant and raindrops carry positive charge 
in most cases, while in steady snowfall positive surface electric field 
is predominant and most of the snow crystals are charged negatively. 

T. Ogawa (i 960 ) and T. Cgawa and S. Saga (1961) made the continuous 
observations of the electric current carried by rain drops, the rate of 
rainfall and the surface potential gradient. Iroviding the Wilson's 
theory of ion capture by water drops',^ ^i^d^^uUrts a cloud with 
a small charge in the same sign «3 the electric field and reverses its 
sign at a point between the cloud base and the ground. A quantitative 
representation between the rain current, the rate of rainfall and the 
potential gradient was 'ssumed and a relation between the surface poten¬ 
tial gradient and the potential gradient in the charging region of rain¬ 
drops below the clouds was deduced. An example of the effect of splashing 
cf raindrops at the ground was shown, in which the intensity of rainfall 

was 10 mm/hr or more the effect reduced the surface potential gradient 
in the value of about 2 V/cra toward negative. 

Department of physics in the University of Singapore has plans to 
expand itself and a new Atmospherics Physics Laboratory will soon be 
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built. Last year and up to August of this year, under the supervision 
of ,J .m Yung Sen, J. Pakiam investigated the electrical conductivity of 
the atnosphere near the ground during the disturbed weather and some 
interesting results v.ere obtained but they are not yet published. 
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Fig. 3. Ascent curves of the negative 
polar conductivity ( ), The 

potential gradient (E), the 
temperature (T) and the 
relative humidity (R,H,) 
observed at Tateno. 
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Fig. 4. 


Vertical air currents computed 
from the time and space variation 
of the concentration of small 
ions. Arrow: The direction of 
vertical motion (unit: cm/sec.}. 
Broken line: Isotach (knots). 
Thick Line: tropopause. 
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SESSION 1.3 


Beport on Atmospheric Electricity in 
Central Europe 1959-62 


by a. Uubleiseu 






Preface: The following summary ia based on pnblieationo, 
diapatched reports from "Atmospheric Electri¬ 
cians* in Central Europe. The author would re¬ 
gret it deeply, if any publication would haws 
been disregarded, because it was not known to 
him. On the other side the dispatched reports 
and publications hare been so numerous, that not 
ewery one has been mentioned. The gravity has 
been put on the new knowledges. 

Disposition: The report is dividedihtovarious subjects: 

1) General matters of atmospheric electricity, 
phenomena in fine weather. 

2) Atmospheric electric aerology, atmospheric 
electrie circuit and potential of the ionosphere. 

3) Conductivity, ions, radioactivity. 

4) Precipitation electricity. 

5) Thunderstorms, lightnings, sferics, whistlers. 

6) Electrical phenomena in space. 

7) Biological action of atmospheric electricity. 


*) General matters of atmospheric electricity 
in fins weather. 


In the International Geophysical Year registrations of 
tbs atmospheric electricity have been made dt: numerous 
statieus such as: Arosa, Payerno (Switzerland), Swidrss 
(Poland), llurchischon—Bay (Spitzbergen), Hohonpeisson— 
berg, Garmiseh, Zugspitse, Black Forest, Eifel, Potsdam 
(Gtritny) and others. The results of these measurements 
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are manyfold. The difficulties in separating the global and local 
influence have been explained. Therefore it must be concluded that 
atmospheric electrical registrations on the ground can giro infor¬ 
mations especially about the local events of atmospheric electricity 
in some cases, but only at excellent places and very seldom about 
the global events, such as the voltage between ionosphere and earth 
and therewith the world thunderstorm activity or about a spacious 
quality of the airmasses, such as the columnar resistance. The local 
and the global part are about equally large. There are always soma 
informations not allowing an exact separation. This holds good for 
the single case, hut also very often for the temporal moan value. 

Also the registration of atmospheric electricity by S a x e r L. 
and Sigrist W. ^ in Arose (1800 - 2630 a above NN) proves 
that. Although Arosa is a place with great air-cleaiTeas, the local 
influence can be found. Only the station in 2630 m NN shows equa¬ 
lised courses of the day in a few cases. Of some interest seems to 
bo the discovered course in parallel of field at the ground and 
content of Oson in the layer 0 - 20 km above the ground. The 
explanation of the relation between the 0^ and the columnar-resistance 
is the following: The percentage of 0^ increases as well as the 
electric field in sink processes because the columnar-resistanco 
is getting less and the vertical-current-density is getting more. 


Israel H. ' brings the spacious atmospheric electric 
phenomena in connection with geophysical effects, as radioactivity 
of the atmosphere and the exchange. The atmospheric electric 
fluctuation means a quality to him which can be exploited on the 
synoptical way and can be used as an indication of the type of 
exchange, 

Uuhlaisea E. ^ has continued the investigations about 
tbs atmospheric oleetrie fluctuation at the coast of the German 
sea. The etrong and short periodical variations of field, vortical- 
current and electric space-charge density have already to arise 
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on the open tea and will he caused by atrong exchangee aa it could be 
proved by registration temperature, eater-vapour and the speed 

of the wind and by observations of the low Sc-clouds at the same time. 
The exchange haa to folio* in big packages whereby the air near the 
water must to bs exchanged by fresh air from a height of 100 - 300 m 
in a period of several minutes. The air near the water probably gets 
a positive space-cbarge by the electrode-effect, which the air from 
above does notpossesg and so the steep changes of the atmospheric 
electric quality will arise at the fixed station. 

4) 

The electrode-effect ' has also been discovered over the lake of 
Constance, The electric field £ has been measured in various 
altitudss from 0 — 100 m at fixed stations and with captive- 
balloons. The value in an altitude of 10 m or more are just half 
of the value above the water surface. The measured and the calculated 
space-charge-density is in agreement. If these results will bs 
transfenwd to the circumstances at the coast of the German sea, it 
can be found that the peaks of the fieldstrength and the space- • 
charge-density are in accordance with the very constant values of 
the lake of Constance. 

5 ) 

N i n e t C. ' calculates a formula under coneideration of 
the "eddy diffusion", which describes the eorrelation of the 
electric parameter of the atmosphere: space-charge, field-strength 
and conductivity. By the assumption of Whipple about the convection 
current this formula can be used in order to win the eddy diffusion 
coefficient by the values of the electrical quantities measured 
near the ground. The author has made these measurements and has 
got the eddy diffusion cosffieient as function of the temperature- 

gradient, the speed of the wind and the Richardson number, 
that 

Ninet believes the values received by this method have cone into 
accordance with the experiences, although he made some confined 
suppositions. This work is an valuable contribution to the problem 
"electrode-effect". 
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Reiter R. gives a summary about hia registrations at the 
Zugspitz-massif in the last 6 years. Besides others he tries to 
explain some interesting observations. He found out a relation between 
the ratio of the small ions concentration n+/n_ and the increasing 
speed of the wind. The herewith connected positive space-charge shall 
nave the action of an exchange generator. In the evening decrease of 
the wind velocity the positive space-charge also disappears and 
herewith the atmospheric electric potential gradient sinks. That is 
Reiter's explanation for the sunBet effect. 


Kilinski £. 


disposed a difficulty with atmospheric electric 


measurements. The impairing of the isolation by spiders' webs can 
ba prevent^by rotation of the antenna such as a round vertical current 


plats. 


2) Atmospheric electric aeroloc 
potential of the ionosphere. 


atmospheric electric circuit, and 


First there should be mentioned some of the general publications 

8) 

about the subject on atmospheric electric aerology. Israel H. 
describes measuring methods and measuring results in the free atmosphere 
in details. He puts them in connection with the conditions near the 
ground, and the meteorological conditions such as exchange, inver¬ 


sions etc. 


A chapter byGeorgii W. 'is devoted to the special atmo¬ 
spheric electric measuring opportunity in a glider. In his institute 
Reinhardt 11. has instrumentated a doubleseat glider for meteorological 
and atmospheric electric measurements. He is able to measure the 
vertical component of the atmospheric electricity field with a field 
mill and two radioactive collectors on the wing and under the wing. 
Besides this the horizontal component of the potential gradient and 
the positive and negative conductivity of the air can be measured 
continuously during the flight. It can he reported about the 
already existing results after a concentrated exploitation. 
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liiihleisen R. and Fischer H.J. 10 ) report on 
the difficulties in exact measuring the atmospheric electrical field 
in the free atmosphere and its remedy, based on their numerous 
investigations with balloons and captive balloons. A special starting 
method has been developed in order to avoid a positive charging of 
the balloon team with triboelectrical effects at the suspending 
w irs. A negative charging of the wire, what happened always during 
flights through the ice satisfied areas, has been cleared up by 
captive-balloon investigations as charge formations at rime. 

The captive-balloon measurements by L u g e o n J. give 
farther explanations about the relation of the field and the 
conductivity in the lower atmosphere. The electrical quantities 
make possible an exact determination of the limits of atmospheric 
mist layers; they can be determined up to about 10 m by the con¬ 
ductivity. This is more exact than it is possible to derive from 
the bourse of temperature and humidity. It has been noticed that 
the meteorological quantities show these mist layers scarcely 
or even not at all. 

An exploitation of the itmospberic electric work made by 
Lngeon J. f Junod A., Wasserfallen P. 
and Rieker J. ^ in the IGY gives some new and precise 
material about the course of the field and conductivity in the 
free atmosphere. These mean values given in the following table 
have been worked out>'rom28 atmospheric electric and 3J conductivity 
measurements above the Uurchison-llay and fna 95 atmospheric electric 
and 81 conductivity Bondages above Payerne (see tuble l). 

A comparison with former values also from other authors demonstrates 
that the field values in the stratosphere are eminently lower than 
it had been aseumpted in earlier times. These facts have also been 
worked out by Muhleisen R. and Fischer H.J. 1 -*) 
Their mean values became less as well shown in table 1 . 
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To the global events there is a contribution by Fischer B.J. 

The atmospheric electrical potential gradient between earth surfaoe 
and abont 15 km above baa been measured continuously by more than 
50 balloon ascents. The ionosphere potential has been found out by 
integration of the altitude. The mean value was 282 kV in agreement 
with other authors. The precision of the measurements has been + 8 %. 

The diurnal and annual conraes of potential mean values agree very 
well with the mean values of the Carnegie measurements. But the 
single values fluctuate up to + 30 i> of the mean-values. The same 
fluctuation can be found in the Carnegie mean values of single days. 
Therefore it seems not to be correct to compare single diurnal 
courses of stations on the continent with the mean diurnal courses 
on the oceans like it is sometimes done. 

Fischer has found a seasonal maximum in the course of the ionosphere 
potential during the northern winter. He explains this in agreement 
with Whipple (1929) by a much larger electrical efficiency of the 
tropical thunderstorms. Considering all thunderstorms on the earth 
with the same importance, they would have their maximum of activity 
during the northern summer and no accordance with the mean results 
would be. If one gives however the tropical thunderstorms a greater 
weight than the ether thunderstorms on the earth, a special explanation 
of the newest isobronten denonstmtion of the WHO material distributed 
to different degreea of latitude proves that the maximum of the 
thunderstorm activity is during the northern winter, indeed. 

3 ) Conductivity, ions, radioactivity. 

1 great numer of publications has been submitted on the subject 


of conductivity. 


Bricard J, improves his former theories about the 

combination of small ions at aerosol particles. In calculation of 
the coefficient in the formula for the ionisation equilibrium he 
takes in consideration, that the diffusion is not taking the normal 
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coarse, if the particle radii have the same dimension as the mean 

—5 

free path. For the radii sore than 10 J cm the deviation can be 
neglected. It gets new values for the combination coefficient in 
the radii range 0,6 i 10 ^ to 4 x 10 ^ cm, which have a stronger 
deviation as the former ones, but they agree well with the results 
of Keefe, Nolan, and Rich. 

Ninet's work (see 5 in chapter l) concernsalso the conditions in 
the ionconcentration near the ground. 

Besides others Reiter R. has regietrated the conductivity 
and the concentration of small ions at some places of his atmospheric 
electricity stations at the Zugspitse. Remarkable but not quite 
clear is the fact that the ratio n+/n_ shall increase with the 
speed of the wind: For v^ - 0 he finds n+/n_ » 1,0; for v^ - 5m/s 
he finde n+/n_- 2,0. 

Occasionaly he finds a strong increase of the negative conductivity 
of the air at the sun radiated mist and fog layers. He supposes that 
it is caused by a photoemmisalon by the solar OV. It does not seem 
to be correct, because there is no light of sufficient short wave 
length in the altitude of 3000 m. 

There also appeared some new publications in the subject of measuring 
technique. Hock A. and Schmeer H. describe a new 

small-ion counter, where they have disposed the counterfield effect 
by grounding the aspiration-condensator coat and by putting back the 
electrodes intothe cylinder, where they have used double-electrometer 
valves in the entrance of the direct—current amplifier. 

An interesting new method about the direct registration of the 
atmospheric small-ion spectrum has been published by J u n o d A., 
Sanger R., and T h a m s J. The authors used a 
measuring condenser with a linear, quickly increasing voltage, where 
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the current* become compensated by a bridge circuit. Not only the 
current voltage characterism will be won, but also a mobility- 
speetrum by a thoughtful use of electronics. It is a great advantage, 
that all signals exist as alternating voltages and therefore the 
direct-current amplifier can be avoided. 

19) 

Haeencl ever D. and Siegmann H. ' published 
a new method of dust measurement using small ion dissipation. In a 
ionisation chamber, working in the range of satisfaction, small 
ions will be produced with a radioactive probe. The measured 
ionisation current changes when dusty air enters the chamber. The 
•sail ions become partly combined with the dust particles. These 
charged dust particles will not be measured for their lessened 
mobility; the decreased current is a measure for the concentration 
of dust. The authors show that not the dust concentration, but 
the product of dust concentration and medium particle radius has 
been measured, because of the dependence of the dissipation 
coefficient on the radius of the particles. 

S i k * a a B. developed an aerosol measuring instrument at 

the same time, which works with the same system. Here the small 
ions will bo produced in a separate tritium-ion generator and 
nixed with air in a special chamber. The content of small ions 
in the air will be measured with an aspiration condenser. The 
pecularity is that th* production of small ions, the mixing of 
the air, and the measuring of small ions is separated. The time 
•f mixing is also independent o* the speed of the wind and given 
by th* speed of the air flow through the measuring condenser. 

Both arrangements can be calibrated only limited. The increase 
of small ions depends on the dissipation coefficient and this 
depends on the aerosol spectrum. The aerosol spectrum has a 
further influence on the result because th* time up to the 
equilibrium is dependent also on the dissipation coefficient. 
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The nixing time at disposial has to be more than the time constant. 
Comparing measurements with the sane aerosol spectrum can be made 
with this B^ethod, where it will also be the advantage of a continnons 
measuring. 'In spite of all it is not satisfying, because there will 
be kept only a single information. 

21 ) 

S i k s n a B. and Lindsay R. developed a eaall-ion 
generator with a tritium sougce in a titan foil for the above 
mentioned instrument. Herewith they have been able to place in a 
small room a large activity and to produce a small ion concentration 
up to 5 x 10 per cm^ of air. Of great advantage is the half-value 
time of the tritium of about 12 years and the assurance that no 
unwanted changes will happen with the aerosol. 

There are also some worka of interest on the subject of atmospheric 
radioactivity. They have only been mentioned if they are in connection 
with atmospheric electrical problems, such as the air conductivity 
near the ground, the electrode effect or the atmospheric exchange. 

B u d d e £. and Israel H. discussed the diffusion 

coefficient of the radon in the air in aoil. H. Israel compared the 
exhalation SI d the radon^oncentration in the lower atmosphere calculated 
with the various values of the diffusion coefficient with the measured 
values of these quantities. He receives the result that a value of 
D ■ about 0,05 cm /sec approaches best to the actual condition. This 
value depending on the sort of soil is about 50 to 500 times as 
high as the one of Budde. 

L u g e • n J., J u n o d A., Wasserfallen P., 

23 ) 

Rieker J. ' registrated the radioactive content of the air 
near the ground besides the different qualities of atmospheric 
electricity in Payerne as well as at the Hurchison-Bay (Spitsbergen). 

2k) 

Reiter R. displayed his results of some of his investigations 
of the natural and the artificial radioactivity measured in his two 


VDproved for I 


C0646185 












Approved for 


C06461858 


C06461858 


stations Wank and Farchant. Because these two stations have a 
difference in level of 1,1 In at i relative little difference of 
base, the author can make some declarations about the dependence 
of the conponents on the altitude. Out of it he derives the 
influences of ths meteorological paramdej* on the natural and 
artificial radioactivity. Be determines the exchange coefficient 
by the calculated half-value altitude and he compares it with the 
temperature gradient. These relations cannot be taken as the 
general, because they are based on the conditions in a tight valley 
of the mountains. 


Ernst F., P r . i n i n g 0., and S . ^ a c . k M. 25 > 
inTtitigitcd the sise distribution of the radioactive particles in 
ths atmosphere of Vienna by nsing a Goetc-aerosol-spectrometer. 

The filter has been tested by the autoradiographic method, lator 
the filter cut in single pieces has been investigated by a counter. 
They make the conclusion that thegrefihWtactivity of particles can be 
found in the area of lees than 0,7/u Stokes' radius. 

Bricard H. f Pradel J., Benaux A. employ 
their dissipation coefficient to work out the frequency of the 
dissipation of radioactive small ions on the aerosol particles of 
different radii. For that the aize distribution by Jungs has been 
used. It has been supposed that the BaA atoms caused by decay of 
radon, form small ions which combine later with the aerosol. Using 
the formula the distribution of the activity on the aerosol particles 
of different sizes can be worked out. The results have been com¬ 
pared with the values also measured by the authors. 


*) Precipitation electricity and electrification. 


B e i ter 


27) 

B. investigated the frequency of the signs of the 


potential gradient in his stations in the mountains of Wetterstein. 
By a statistic exploitation of the spacious measuring material ho 
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found out the following proportions of signs during precipitation: 



Table 2 




Type of precipitation: 

rain 

rain shower 

Bnow shower 

snow fall 

pos. signs of the PG: 

10% 

30-40 % 

40-50 % 

80 % 

nog. " ■ " " 

90% 

60-70 % 

50-60 % 

20 % 

change per hour: 

0,8 

2,5-3 

2-2,5 

0,9 


Hs analysed the number of the changes of signs per hour in the various 
forms of precipitation in a similar way and be finds out the results 
in table 2. 

It aeems to be very interesting that the changes of signs are much 
■ore numerous in the valley than in higher altitudes. In the same 
work the dependence of the sign of the potential gradient on the 
altitude during steady precipitation in the two phases has been 
discussed. Above the melting sons the potential gradient is about 
3-4 times greater than the value of fine weather, while it is 
negative and about 2/3 of the value of fine weather beneath the 
melting cone. 

3) Numerous and valuable werk haa been made about- thunderstorm and 
thunderstorm theories, lightning phenomena and their electro¬ 
magnetic signals sferica and whistlers . 

Wolf f. ^®) discusses the present ideas of the cause of 
thunderstorms and the lightning-formation. Toepler'e ideas about 
the formation of discharges have been put in the forefront again. 

Puhringer A. pM t up for discussion a new thunder¬ 
storm theory , based on the electro-magnetic induction. In the 
auther'a opinion an electrical field will be induced by the 
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Mtiia of a elon* in the Magnetic field of the earth. This prodaces 
on electrical dipel moment which shall build up a strong electrical 
field in the outer rees. The efficiency, necessary for a tbunder- 
stora, shall be withdrawn fren the cinetic energy of the wind. 

Michnowakl St. indicates the important part of the 
point discharge in the preservation of the charge exchange between 
the earth, tbnnder-elends and ionosphere. Measurements of the sun 
of the point discharge for a longer period in Swidrze gave a 

Q+ 

result of the nean ratio of a charge run out of a point - 1.3. 

liuller-Hillebrand D. ^ describes sons interesting 
thunderstorm ebserwations at Monte San Salvatore. The value of the 
electric field has formerly been estimated from about 20 kV/n 
to 730 kV/n. The author noticed only a field-strength of about 
3-5 kV/n near lightning-strokes in the ground. He tries to ex¬ 
plain whereby the strong fields have been screened by a larger 
space-charge area; registrations of the electric field, point 
discharge, precipitation current and precipitation strength of 
the same tine support this assumption. An exact temporal analysis 
of the formation and discharge of a flash had been possible by tbs 
measuring of the lightning current at the place of stroke and 
the eleotrieal and magnetic field-strength in a distance of 
2,8 km at the sane tine. It bad been shown that the steps 
of a leader stroke are extremiy short. The single impulses 
can have a temporal interval down to 0,2/u sec. 

In another publication the author tries to extsnd the protective 
radius of lightning conductors by radioactive point discharges. 

At the approaching of a thundercloud, all points emit some 
eorona currents, which will be led away by the wind as space 
oharge. It had been asserted radioactive point* could increase 
the point discharge current no much that the space charge cloud would 
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lead to catch discharge. La a laboratory experiment there waa no 
difference noticed concerning the corona current of a radioactive 
point and a normal point after arising tbs corona discharge. 

With another experiment it waa however shown that a strong point 
discharge of 8 mA has a strong influence on the electrical field 
strength in the surrounding. 

Ontdoors the point discharge current of*the radioactive points 
was always less than a current of non radioactive paints. Obviously 
the ion cloud aronnd the radioactive point delays the beginning of 
the corona discharge. 


Miiller-Hill ebrand 


D. 32 * ha 


material about lightning frequency since 1958. With a rather 
narrow net of stations (115 stations) in Sweden he was able to 
registrate more than 100.000 earth flashes in 1958. These made 
65 % of all registered discharges. 


Malkowski G. 


determines the mean valne of the diameter 


of a convective precipitation cell d ■ 4 km by a collective of 
lOOOradar observations during showers and thunderstorms. He gives 
a curve for the frequency distribution of these valuea. At the 
observations of echea with the weather radar instrument it is of 
some interest whether a precipitation cell visible on the radar 
ecreen can be considered as a thunderstorm or a shower without 
lightnings. This had been undertaken by a sferic direction finding 
instrument by finding the position of thunderstorm centers at 
the some time. 


Norinder H., Knudson E. ’ made spacious 
investigations about the discharge mechanism of lightnings in 
a free field station near Uppsala (Sweden). The cellected data 
had been exploited. The length of the lightning path between 
cloud base and earth gave valuea of 0,6 - 2,4 km with a mean 
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value of 1,4 km. Observating 1135 flashes, there were 79 % between 
clouds and earth and 21 % within the clouds. Analysing the multiple 
discharges it had been displayed a decrease of the magnetic field- 
strength with the number of strokes. The intervals between the 
lightnings had been noticed from 16 thunderstorms. It was found, 
that the most intervals are 20 - 70 sec. At a single thunderstorm 
of extreme strength 80 % of the intervals bad been shorter than 
1 minute. 

Berger K. made lightning obersations with an oszillograph 

on the Monte San Salvatore in 1958-61. The registrations hod been 
exploited concerning the front duration, the maximum current, the 
average and maximum current increase slope. On the base of this 
measurements there had been 4 different types of lightning discharges, 
which differ in front duration, maximum current, steepness of 
increase and current curve: 

a) flashes with leader strokes in upward direction; in general they 
only come from high and well grounded conductors. The form of current 
shows a slowly increasing with a current maximum of 20 to some 

100 A; 

b) flashes with stepped leader from a negative cloud; the main 
discharge has a maximum current of 15 - 45 kA and a front duration 
of 4 - 12yu see; 

e) following strokes from a negative cloud. The maximum current 
strength is smaller. The front duration is ahorter and less than 
l^u see. in general; 

d) discharges from positive clouds to the earth with a slow current 
increase and a high discharge strength. A discharge exchange of 
mere than 100 C ia nf no rarity. 
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Noriodcr H • ^ K n q d b o o £• ^ * 

Bade experimental investigations about tba multiple-lightning 
stroke* in the same lightning channel in 1956-57. Multiple 
lightning strokes bare been regarded in the laboratory if a high 
oha-resistance has been inserted in the discharge circuit. Because 
multiple lightning strokes can give some indications on the 
discharge mechanism in the thundercloud, oszillograpbic registrations 
of the strokes series and the discharge currents of natural 
multiple strokes. In order to registrate the front time and the 
discharge current three oszillegraphs with different time bases 
have been used. The electromagnetic field bad been received from 
* areal and led to the oscillograph by an aperiedical 

amplifier. Herewith the changes of the magnetic-field strength 
had been registrated and an estimate of the current changes in 
the lightning channel has besn possible. The measuring results 
had statisticly been exploited concerning the amplitude dis¬ 
persion, front time and temporal intervals. Later on the method 
had been completed by day-light photography. The increase of 
voltage in the aeral triggered a connection circuit, which 
released the eamera. This combined method made it possible 
to declare something about the discharge process in the cloud. 


Papbt L fc p i n a J. has been occupied with a 
theoretical work abont the mecbunism of the lightning discharge 
and the herewith existing change of the magnetic field. The 
author shows a method to calculate the temporal course of 
current in the lightning channel from the magnetic field 
changes measured near lightning discharges. 
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Pritsch V. has been occupied with the problem of 
geological and geoelectrical influences on the place of 
lightning-strikes. He can confirm the opinion, that there 
are lightning nests. A special result was, that the danger 
by lightnings grows with increasing geological age of the 
terrain. 
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Uiehnewski St. describes an interesting observation 

in nertb*rn Viet-Naa, where electrical dischargee bad been in a 
euaulus cloud without any signs af existing ice crystalls in the 
eland. The altitude of tha upper cloud linit was supposed to be 
2?00 a, while the 0° isotheraefer this season should hare been 
abaut 4000 m. 

Daaaena B. and hia eoworkera^®^ node investigations with 
an installation of 100 burners which are arranged on a quadrat of 
a sidelength of 100 n. They tried to produce artificial cunulus 
clouds. During the first few experiments there h«<*bten developed 
soaetines tornado pipes with wind speedB of soae hundreds of ka/h. 

It had been noticed that lightning discharges ensue always along 
natural tornado pipes. Dessens hopes that so installed ventilator 
will atiaulata the foraation of a whirl of a tornado pipe. Deasens 
expecta that the ao called Meteetron gives hia the possibility 
for diraet lightning investigations and for experiaents in plaaaa- 
physics. 

An earlier tbearatical publication by W.0. Schunann refers to a 
resonnnes- froquency of the condenaer ionosphere earth. Tbia 
frequency shall b# abaut 9 c/sec. K d n i g H. investigated 

there upon atasspberiea of this extremiy low frequency. Hia receiver 
connected with a long-wire antenna enclosed the range froa 0,5 ~ 13 -c /eee. 
In fact he gat signals with frequencies 8-9 c/sec. He bcliavea that 
one part of these signals is caused by lightnings, which have excited 
tbs resonance circuit ionosphere earth to oscillations. Another 
part af signals arises at sun rise. Konig supposes, these signals 
would be caused by abrupt changes of the altitudes of the lower 
boundary of the isnsspbere. Other types of signals with lower 
frequencies will be brought into correlation with local weather- 
phenoaana. Konig has exaained his interesting results by a 
simultaneous registration: .on a socond station in a distance of 
50 ka resp.450 ka on one hand,on tbs other bund during the eclipse of 
the sun oB ij 15.2.1961 (E.Heine). 
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Malkovski G. deterninca the entrance—range of a aferica 
receiver by a decrease of the sferica frequency during a antixyclonie 
situation. At a field strength Unit of 0,4 V/m he cones to a range 
of 830 kn. 

Israel H. ^ compares the sunrise effect of aferics at 27 kc/aec 
registrated at 3 different stations, Aachen 50,8° N, Tokyo 36® N, 

San Salvador 13,5 N« The beginning of the decrease of the sferics 
intensity varies fron station to station during tbv annual course. 

The nearer the station is to the sjuator the earlier and more unregularly 
the effect begins. 

44) 

Pattern G. delt with the reception of sferics fron great 
distances. Be had built up his etatien on a solitary island eithont foreign 
electric installations. Be is able to receive all lightning signals 
fron the whole earth. This however leads to overlapping signale 
so that a lover limit of sensibility (about 50/uV)must be fixed. 


N o r i n d 


45) 

H. and K n a d ■ * n E. ' investigated 


whistlers 1957 - 59 in order to explain the connection of thunderstorm 
activity and whistlers. It has been proved that only one part of 
flashes produces whistlers. They mently appear in groups for a time 
of l/2 to 2 l/2 hours. The longest time of observation had been 
6 hours. These times favourable for whistlers have been interupted 
by long periods ef silence. Registrations of sferics at the same 
time showed that only sferics with the highest field-strength have 
been followed by whistlers. The exploitation of the field course of 
the sferics with a harmonious analysator gave as a result that the 
energy maximum of the radiation is on about 5 kc/aec. A comparison 
between the temporal aeries of the multiple whistlers and the 
ossillographie registrated multiple-lightning strokee showed 
accordance concerning the time intervale. 

Different whistler shapes had been regarded by the analysis with a 
"Sonagraph". One third ef all registrated whistlers during the 
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thunderstors season 1959 could not have boon put into relation of 
thunder*ton- rentora by a sferic-direetion finder. All these 
whistlers appeared only during a abort period and nust hawe been 
produced in the neighbourhood of the conjugate geomagnetic point. 

In another publication N o r i n d e r H. ^ supposes that the 
propagation of whistlers will he influenced by ionospheric irregularities. 
Be follows the ideas of Budden, K.G. in a theoretical publication. 


6. Space phenome na of atmospheric electricity 

In this chapter only sene investigations can be reported which are 
due to cosnic rays. The results come from balloon ascents made in 
one institute. 

47) 

W a i b e 1 E. determined the ionization spectrum of the cosmic 
rays. He was able to separate the pretons from He- and Li-nuclei 
in the primary radiation. If one extrapolates to the limit of the 
atmosphere, theoo-iatensity is. about one seventh of the proton 
intensity. 

48) 

B r b e H. finds a clear relation between the intensity in 
definite altitude measured by a Geiger-counter telescope and the 
intensity on the ground. 

E h m e r t A., B r b a H., P f e t a e r G., K e p p 1 e r 
discussed the pecularity of cosmic rays in a solar eruption in 
autumn i960. During the summer season 23 balloon ascents had been 
made in Kirnaa (Sweden). Sene X-rays eruptions and injections of 
protons have been observed. 

® ^ • r ^ A. indicates that the experimental "rigidity 

spectres" of the primar cosnic protons andparticles can ba 
described by a variation of the electric potential of the earth 
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against far space. It* variation is correlated with the solar 
activity. The decelerating potential has a variation of 1 Gigavolt 
at sunspot minimum and 2,7 Gigavolt dnring a magnetic storm. The 
field is supposed to be beyond the radiation belt, as one can 
conclude from the intensity observations of moon rockets. 



7. Biological action of atmospheric electricity. 

Knoll M., Klieinetein J., Leonard G.P., 

51 ) 

and Highberg l’.W. ' investigated the influence of 

artificial atmospheric small ions on the reaction time and the 
visual moment. An increase as well as a decrease of 7 % of the 
reaction time has been found for densities of about 10^ to 
10 ^ iooa/cm\ if the subject is breathing through the mouth. 
There is no influence when the subject is breathing through the 
nose. The polarity of ions does no matter at all. An influcaco 
for the optical moment - i.S. the shortest time between two 
flasheo, which can be recorded separately - has not been found. 
The influence of ions resembles the effect of many drugs on 
the human system. 

52) 

K 6 n i g H. has registrated the atmospheric impulse 

radiation since four years. The receivers are able to record all 
oferica in threo entrance rauges: 100, 300 and 1000 km. Until 
now there was not found any clear relation with aspects of 
illness on human beings. 
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SESSION 1.4.. 

Atmospheric Electricity Research 
: • . ’ : • in . 

Great Prltain, Ireland, Africa und New Zealand 

W.C.A. Hutchinson, 

Durham University, England. 

1* Introduction 

2. Ioniiatlon in the Atmosphere 

3. Potential Gradient and Space Charges 

U. Point Discharge and Precipitation Currents 

5 . Thunderstorm Electricity 

6 . References 













The purpose of this paper is to present a survey af research In 
Atmospheric Electricity performed In the countries concerned and 
reported since the Second Conference on Atmospheric Electricity In 195&. 

The survey Is not Intended as an Index to all the relevant literature, 
nor Is the space allotted to any hern to be regarded as a measure of Its 
Importance. I have arbitrarily left out work ou atmospherics and 
electromagnetic wave propagation. To make tlie picture more complete It 
is well to refer to the present quite considerable and wide-spread Intercut 
In the subject of Atmospheric Electricity In these countries. 

X will mention five centres In England. At larutherhead the Electrical 
Research Association with over 1000 voluntary observers has since 1950 
collected data on thunderstorms In Britain. At. Imperial College, London, 
the experimental and theoretical studies of the electrical properties of 
Ice and water are proceeding in Professor Mason's Sub-Department, and the 
work of Dr. Browning and Dr. Ludlam (19&i) on the airflow in convective 
atoms may well lead to a new approach to the problem at thundercloud 
electrification. Dr. Vomell's group at Cambridge University urv extending 
their tnvoot lgutlcna on loon and Ait ken nuclei, und are also studying low 
frequency fluctuations in the earth's electric field and the field spectrum 
of near lightning flashes. Dr. Latham, now at the Manchester College of 
Science and Technology, is continuing his studies on the frictional elec¬ 
trification at ice. At Durham University Dr. Chalmers' group ore Investi¬ 
gating precipitation and air-earth currents with mobile as well us static 
apparatus, point dlsclmrge, space charge, and electrical effects associated 
with water and lcc. in Hew Zuulund, at Auckland University, Professor 
Krelelr.hulmer Is concerned with potential gradient find point discharge crfects 
at balloon altitudes. Thera are reports fraa three centres In Ireland. 
Professor Poliak and his group at the Dublin Institute for Advanced Studies 
ore working on the electrical equilibrium of aerosols and Ice-nucleus con¬ 
centration determinations, and have constructed a small portable photoelectric 
nucleus counter. At University College, Dublin, under Professor Holan, 
research Is an charged and uncharged nuclei and the application of the 
Boltzmann Law to earlier observations. Dr. O'Connor and his group at 
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Altkcn nuclei und spice clwrge. 

The African continent, with its lino opportunltioc for research In 
tropical and sub-tropical regions, now las several centres. In South 
Africa, at the Bernard Price Institute of Geophysical Research, 

Johannesburg, work under Dr. Nnlun includes the study of lightning 
flashes of various types, llghU.ingpt.otogrui.lor. the study of upward 
dlneluire-s above clouds, mid flash counting technlqu-n. Also in South 
Africa, in the University oT Natal, at Uurbun, Professor Clarence's 
Department is contalnuing research on vhlstlers and lightning. Observations 
are now being nude at the University College of Sierra Leone, at Fourah Bay, 
of point discharge and precipitation currents. At University College, 

Ibadan, point discharge currents arc being studied, end an Interesting 
Investigation of lightning by sound-ranging on the thunder has also begun. 

Other centres in Africa where there lave been projects for Atmospheric 
Electricity research are nt Salisbury, Southern Rhodesia, Moknrere University 
College, Uganda, and University «T Nigeria, Noukkn. 

2. Ionisation In the Atmosptiere 

The time required for a cloud at uncharged nuclei to reach equilibria 
has been further investigated by Rid/ ^, Pdlak^ ^ and Ifetnleks^ ^ (1‘jte). 
Their calculations involve integrating the equations for the rate of change 
of concentration of small ions and charged nuclei respectively: 

H 4 . on* - , n n N 0 - n n N, 

• n H - n n )l« 

dt x> o 

Here n, N are the concentrations respectively of snail Ions and charged 
nodal* assmlng equal nuabers for either sign, and W Q the concentration of 
uncharged nuclei. The number of small ion pairs produced per cm* per sec is 
q, and «|, q are the appropriate combination coefficients. It Is assumed that 


(l) General Electric C.vspeny, Schcneclady, U.S.A. 
(•j) ixibliu Institute for Advanced Studies, Ireland* 
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multiply charging or recombination ol' nuclei Buy he neglecLitd. Bio 
authors started with Initial values H o m 10 * cm"* and n a 950 cm -3 and 
<1 m 1.6 era"® see -1 and considered three different values for the fraction 
of nuclei charged at equilibria, corresponding to three different values 
of nucleus radius. The results id* the calculation show how much more 
slowly the charged nuclei approach their equilibrium concentration compared 
with the raall Ions, except for very small nuclei. With their arbitrary 
initial conditions the authors found that for nuclei of radius 3.6 x Ml"® cm 
n is at its equilibrium value after 7 minutes whereas N takes nearly an hour 
to reach 90H of Its equilibrium value. These results together with the 
recent history of an air mass may be used to estimate whether the nuclei 
in It are in charge equilibria. In one observation, however, upwind of a 
town, and where charge equilibrium might have been expected, the concentra¬ 
tion of charged nuclei was only 0.6 to 0.8 of its equilibria value, perhaps 
of undetected sources of nuclei. 

Poliak and Metnleks^ (1962) measu red tine Tate at which a stored 
aerosol approaches charge equilibrium. Nuclei of various sixes were pro¬ 
duced by heating u nlchrome resistance-wire Inside a 4.2 a® balloon. At 
Intervals during the decay of the resulting aerosol they took a sample 
and measured the fraction of the nuclei charged. Simultaneously another 
sample mis brought to chnrgc equilibrium, using a weak Q-ruy source, and 
the fraction of charged nuclei measured. A statu of charge equilibrium 
wub recognized when tile fractions for the two uumpleu were equal, for 
stored nuclei of equivalent radius 3 x lo"® cm and concentration 22,000 cm."* 
equilibrium whs reached wltj—n 13 mlm As the size and concentration In-reused 
so did the time taken. Nuclei of radius IIP* cm and In concentration falling 
with time from 23U x Hi® to 59 x 10* csr* required several hours. The largest 
had not reached It even after several days. These results confirm the 
experimental predictions described above. 


(3) Dublin Institute for Advanced Studies, Ireland. 
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°- eOUr ~ 10 •» «rdaol to charge equilibria. 

HaS b * en »">**** theoretical and expcrtaentnlly vlth . stored 
aerosol by Flan^ and OT«*nor^> (1561). Oicy conclude that H provides 
the best method at present available to teat lor charge equilibria. 

Following work briefly reported by *olun f » (l«* 5 ) ot ^ Plm 
Conference on AhwgpUarlc Electricity the problem of the equilibria 
concentrations of charged and uncharged nuclei In air ha. been further 
cx-lr-d by Keefe* 6 *. *W 6 > and Rlch*^* (1959, by applyll ^ ^ 

Bolt»ann Distribution Law, asking that because of their fluent 
coll la Iona with s-11 loo. the pnrticle. ahould be i,. charge a. well a. 
in theraal equilibria A darged particle carding x electronic charges 

‘ U tr “ t6d “ U BPberlC * a COOduc tor of radius r so that It ha. slectrlcal 
•nergy J A«/r In addition to the energy E q of uncharged particle. 
particle energy la thus given by 

B “ « 0 ♦ i x»«»/r 

By Boltxnann's law the mober In unit vol« «(K) taving energy E Is given 
** »(E) . Ag(EV^ W 

where A In a censtant and g(E) 1. the statl.tlc* weight of the energy late 
S. Since a particle has the ease energy -bother its charge 1. poeltlve or 
negnUytt thu ntotlntlcal -eight of the energy state oOh^.l Hence 
the mxnber l-.-r unit vol«n with « .!«*»*„ charges regardless of sign 1. 

»x * 2 » 0 C *P (-J A*/«W) 

*ere » Q Is the concentration of uncharged particle, and |x| > 0. If the 
m-bers of positive and negative particles are equal, the n«ber per unit 
vol»e carrying x elcBentary charge, of one sign is Writing y.j «*/rk* 

the total nuaber of charged particle, of <*>. Ilgn ln ^ Toll ^ „ , lw) 


(h) University College, Calwuy, Ireland 

( 5 ) University College, Dublin, Ireland 

(6) University College, Dublin, lrclaud 

( 7 ) Cenural Electric Coajauy, U-benctudy, U.S.A. 
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The latter font ic more convenient for the larger purtJcleo, cay r > 2 x 10“® cm, 
when all the exponential terns ar»* negligible ruajxired with J, so Uiat 
H/" 0 - -4 +4/(*/y) 

When r > 2 x lor* ca, and IT the total concentration 2 - H q ♦ 2H, then 

2/» 0 - V(«/y) 

- /(2«rktft*) 

• k/t where K Lr constant. 

The values of S/H^ so deduced ore In food ngraeaent. with tie: observations 
of Rolan and Ketuun (194;)} on the equilibrium rhurge distribution or 
nuclei, derived from hot plaUmmi, In tlic slze range 0 .'( x 1CT* < r < 

14 x lor* cm. 

It Is further shown that for the lurncr rudll the Boltzmann Law 
treatment predicts an average charge per particle or J (2rkT/*). For cloud 
droplets af radius 5 x 10 -4 cm this would give a specific charge of 6.8 
e.s.u. gaT 1 . The average electrical energy per particle is shown to be JkT, 
the vnlue to be expected fras the classical law of equliiurtItlon or energy 
If the charge on a particle lu regnnlod »n n coordinate for <w degree of 
freedom, the enerry being prt^eri.lunl to Uw: square af Us: charge. 

Keefe, Rolnn and IIKh Uwn apply Un- Del L/jhiui law to iui le-ronol In clwtrgu 
equilibria to deduce Ihe ru* Ion id" Uie varl««iu eimhlimtlon eoiTf lelentu for 
luos and nucleLilAieu r > 10 ~* cm, but not for the ■■mailer particles, Uie 
values of these ratios agree well wlUi those deduced fras earlier formulae 
based on diffusion af Jons and Ionic mobility - Uie "diffusion-mobility form¬ 
ulae". 

An experimental Investigation of lonlrntlon equilibrium In maritime nlr 

/ 11 \ 

has been made by O'Connor and Sharkey' ' (iSk’iO) on Uie vest const of Irelund. 
Upwind of the site there wao no source of man-made nuclei vllhln IS km und no 
major source within 1'iOC km. Assuming that Uie Boltzmann Law applies, 

( 8 ) University College, Golwty, Ireland 
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electrometer, and of "naU Ion concentration with an Ebert loo counter. 

In fine weather he found large fluctuations in space charge concentration 
which made its Bean value difficult to estimate, though it would probably 
be about +2 pC m~*. On several occasions In undisturbed weather he noted 
a close correspondence between the records of space charge and potential 
gradient. Sometimes this was associated with exhaust smoko from passing 
traffic; sometimes the records followed a similar course for an hour or 
more, usually In quiet, stable conditions, wfien the observed space charge 
concentration changes would need to reach up some Urns of metres to account 
for the observed field vurlutlons. Prom Ills measurements In disturbed weather 
Adkins finds evidence Tor four processes. Uter-o nre 

(a) the electrode effect (which he discusser, in detail), 

(b) the modification of the potential gradient within some tens of metres 

of the ground by large-ion space charges resulting from point discharge, 
the email Ion deualty remaining almost unaffected, 

(c) in heavy rain, modification of the potential gradient by space cliargea 
of <—*n ions produced by splashing (Adkins reproduced this effect *i a 
laboratory study and showed that the charge is proportlot ml to the 
existing field), and 

(d) the control uf the potential grndlrnt la-ar the ground by regions of high 
space charge associated with a column of rain. 

Adkins discusses the effective current due to splashing both In steady rain 
and In heavy rain. 

Law^ 12 ^ ( 1961 a,b) has developed on automatic co n d en sation nucleus 
counter operatic a pen recorder to study the vertical distribution of 
nuclei within 3 m of the ground In coteiexlon with oludlea of space charge 
concentration, lllo unpublished work nliown tlsil convection pluys an Impor¬ 
tant part In the vertlcul transfer of electric charge. 

The space charge concentration near the ground lma been deduced by 
Sklddy and Chalmers^^ (1939) frtjs measurements at two heights using 
Smlddy double field mills to minimise field distortion. In fair weather a 


(12) Cambridge University, England 

(13) Durham University, England 
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saaU negative space charge observed Is explained in tents of radioactivity 
of the ground, and, in heavy rain, concentrations of negative diarge up to 
1000 pC n~* are reported. The authors suggest that the lack of agreemtut 
with their simultaneous measurements using Obolensky filtration apparatus 
Is due to the presence of small Jouo. 

Following the construction by Steln* 1 *^ ( 195 a) of a field mill to be 
carried by a radiosonde balloon, an Ingenious double field mill for 
rudlotei.de working lias been design-d and made by Currie and Krelelshebm-r^''’^ 
(i 960 ). Hie stator and rotor members each comprint; Uie opi-tuHc .pjadrunts 
of a circular plate. With Uie two stators connected IngeUier Ur: output In 
proportional to the mill sclf-chargo LT tile two rotors move In plvt:s: but pro- 
portioml to the external potential gradient if thr : rotors maintain a relative 
displacement of 90 °. Errors in field measurement due to the charge 00 Uie 
Instrument are thus auumtatically eliminated. The device lias now been 
prepared for carriage In a glider of the Imperial College Gliding Club for 
thunderstorm investigations in England. 

Adamson^ (i 960 ) has designed a field mill with overall negative 



: ‘ h 



feedbach giving a very closely lii.iar relation between output and rield 
to he used in conjunction with an uiir.hlcld.-d nlr-curili or rain current 
continuously recording system. Up- mill out,nit In red via u dirr.-runtlullug 
circuit Into the current amplifier In such u way as to give componention Tor 
the displacement current which is proportional to the rate of change of field. 
Ihe apparatus has a time constant of 20 secand excepting thunderstorms It Is 


suitable for all weathers. 
..(17) 


Wildcmn (196?) bus devised u field mill suitable Tor use when the 
sigtatl due to the conduction current Is no longer smtiU cgqannl wjth Uie 
Indue 1 Ion signal. His machine rotor luta two concentric rings or holes 
covering mid uncovering two sets oT insulated studn, giving two tp'pamtc 
signals with different dependence on field und cotpiucMon current, allowing 
the effects of these two to be dlstlnguisited. 


(lb) Auckland University, Sew Zealand 

(15) Auckland University, Sew Zealand 

(16) Durham University, England 


(17) Durham University, England 
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'*• Discharge and Precipitation Current. 


A new aethod of -caaurlag point discharge current down a tree has 
been introduced by Maund and Chalmers (l8) (i 960 ). The ions leaving a 
discharging point cause a reduction in the potential gradient downwind. 

With one field -111 upwind and another downwind the Measured change in 
potential gradient be used to find the point current. Although the 
-ethod is indirect, no -edification of the discing object 1. necessary. 

B» author, found evidence that a tree in full leaf given -uch lose point 
discharge current than had Previously boon ass-ed, a ..ttcr of teporter.ee 
1" tlie total charge brought to earth. 

Mlluur -d CliaJ-ers^*•*> (, 90 .) ivport ,, poteutte, g^.t 

And dlsehurge currvnt fn. a point fixed 2 . above a horse-chestnut tnre 
13 a high. For a given value of upwind speed their result. . linear 
relation between point current and potential gradient. These . uUlora ^ 
describe . new Method of curing point discharge current down a tree. 

**y drilled two holes through the bar* of a Itee tree, coa. 3 . above the 
other, and inserted tube, containing mercury to -ate electrical contact with 
the snpwood, citing tin- tends to a galvanic ter. Bll . effectively short- 
Clrculled that teftion of ,bo tnn, and t,„ current -casurod was .Wt . u tiKJ 
point discharge ^urrvrnu Hen, too ,hcy found „ linear relationship with 
potential gradient, and utter Indication Unit a tree g.veo lean p„l„ t curfvnt 

“ bt ' n ^ P “ rthcr ° b * n '* tl0nu “ Uh tl» *»e apparatus, by Chainsrs ( 1962 ), 
underline the teed to exercise cation when interpreting point discharge records. 
He report, that the tree current is not only always 1 ... ^ ^ 

artificial point, but that during the rapid field ch«g«. acceding lightning 
the tree current ha. . quite different course fra. that of the artiflcUl point, 
which follow, the agrlncter record In the usual An approx w to retetluo- 

8hlP rmhrUC,n * ** 1W «•» ~ to an earthed point has ^.n ^ad 
theoraucan, by Chateer.<»» (I 96 I); the current 1 ■ 2 mVW where c Is the 

olwotHc ]ter—ltuvlty of air, V the potently gradient and W tte wind sped. 


(18) Durban University, England 

(19) Durham University, England 

(20) Durham University, England 
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Using Adaasuti fleld-ch™^ co^nsatud exposed collector systc. («*» 
nn-»y «* (l960) ^ Uw curn?nl brouglit to ^ 

during continuous non-eto^y precipitation, B* co^tlvely short tine 
constant of so tec enabled the. to examine In greater detail than before the 
connexion betveen current density and potential gradient. Ibis van reasonably 
linear for observations in the winter 19 -, 7 -B and of the well-Known fore 
I • a(f c) where F Is the potential gredlent and a and C are constant*. 
Correlation was poor In the awe, of 19 ya. B* connexion In .out nearly 
linear during sleet and "wet enow", snd support* the earlleroonclue.ans cf 
Outl-cr. (1956, 1959) that in nlnbostrutus clouds the precipitation, when 
in the fore of .now, receives a negative charge, leaving positive behind io 

U» cloud, but when it -elt. it ac,ulre. a poaitlve charge, leaving negative 
behind. 

5* Ihunderitore Electricity 

A new theory <* thunder.tore electrification ha. been advanced by 
U, h“ (W6lb)‘ » 1. dared cn the result, of their detailed 

laboratory expartoents -rich are in excellent agreorent with their theory of 
electric charge tranafer aaaoclated with tamtam gradients In lec by a 
kind of thermoelectric effect (I96la). To guotc one of the authors, Mason 
(1961): -The positive hydrogen lore (proton.) and the negative hydrosyl 

1008 (0fl ' ) ' r0med * ** «•»* dissociation of a ^ frectlon of the ice 
■olacules, becase operated under the Influence of a te^rature gradient. 

If -e 1-nglne . steady Urepereturo difference -nlutalred across a piece of 
lc, the wareer end vUl Initially possess hlg^r concentrations of both 
positive and negative Ions. Io .,s of both types will diffuse down U.L 
concentration gradient towards the colder end, but because the .ability of 
the positive ion. is at least ten three that of the negative ions, the, will 

-ov. ahead and produce an excess of positive charge In the colder part of 
the Ice.* 

»1. Charge transfer process 1. considered to operate. In a store when 
supercooled reter droplets captured by falling sort hall pellets, frees, on 


(a) Durhaa University, England. 
( 22 ) Imperial College, London. 
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COD tact, throw out m a ll positively charged splinter*, and so leave a 
negative charge on the halisten*. Oils charged splinter production was 
verified la the laboratory by the authors, working with a simulated tell 
pellet growing hr accretion of supercooled water droplets. They confirmed 
the earlier experimented. f i nd in gs of Nsscn and Maybank^ 2 ^ (i 960 ) who 
observed the splintering end usually negative charging, on freezing, of a 
supercooled voter droplet suspended on an Insulated fibre. While a drop, 
let Is freezing It will have a liquid centre at 0°C and a solid outside 
part at a lower temperature, giving a radial temperature gradient In the 
Ice shell. According to the charge transfer process there will be nn 
excess of positive space charge In the outer layers of Ice, and, when the 
droplet burets, tin outer layer will tend to carry off positive charge, 
leaving the residue negatively charged. Such negatively charged badstones 
la falling away fra* the positive splinters would produce a positive 
dipole In agreement with ttet In a thundercloud. 

Latham and Mason (1961b) proceed to calculate the rate of charge 

production In a thundercloud. For soft toll pellets at average radius H 

and fall velocity v the voliae swept out per nee Itsfi* v and so each pellet 

■du-s BslPn^v collisions with rupercool.-UU-opl.-ls In concentration » d IT K 

la the collision efficiency. If there ore l»» 11 p-lleto per unit voliaac 

there ore thus Ksfi’n^n^v collisions per unit volume per second. The soft 

hall has an equivalent precipitation intensity p, l.c. the aass of water 

falling per unit area per second given by jsfi^n^v where p Is the mean 

density of the tell. In trims of p the master of collisions becomes 

$ E —n^. If the charge produced per droplet Is q^, the rote of charge 

5 p 

production per unit volissc Is given by 

5 m ^ K ^ 1 n.q. 
dt 5 j h 

Using the values B » 1, p - 5 cm h~ l or 5/3600 cm e"*, I m 0.2 cm, 
p m 0.5 g cm"*, n d « 1 cm"* and the authors' laboratory value 
q d *b x 1CT* CtisUe | we have 
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B>c author. consider this rate adequate to provide enough clmrge to give the 
first lightning finch within about 20 minutes of the detection of precipitation, 
particles by radar, and they suggest that U,elr theory gives the principal 
mechanism ol' thunderstorm electrification. 

Lnthaa tuid Miaon (l*«'ila,b) have also itiv.-ntlgated the charge produced 
by the momentary coutoet of two plecen of lee at different temperatures. 

Froa the temperature gradient charge transfer theory they predict, n __ tf ti 

charge transfer of 3 * ID -8 AT o.s.u. o«-», where AT Is the te-peratare 
difference, for a contact time of 0.01 seconds. For longer times the samples 
rapidly cone to the came temperature and the charge wUl tend to xero. These 
results were confirmed experimentally by the nullioro. Calculations or the 
rate of eliurgr production In a storm by U.ts process, with hailstone,, mill.* 
through u cloud If Ice crystals, give only If 4 C HsT* all,- 1 , and the authors 
conclude that although tin: sign of the eharge on Uk- hailstone will bo 

negative, as required, the contribution to storm electrlTlcation will be 
only slight. 

The theory of the charging of hail pellets by these two processes has 
been extended by Latham and Mason ( 1962 ) to the case of collisions occurring 
In polarizing electric fields of up to about 1000 V cm - 1 as found in thunder¬ 
storms. They also examined this question by laboratory experiment, they 
conclude that such fields have little effect on the rate of charging predicted 
by the main theory outlined above. 

Biere Is . serious discrepancy between the observed charge Tor 1c-Ice 
contacts reported by IaUum. and Manor, ai.l Urnt by B-ynolds, brook and 
Courley (1937), the latter being so* rive orders of magnitude larger. 

There seem to be no other measured values, but ltutchlnson (2l,) (i 960 ) reported 
that for momentary contact between two lee crystals grown fro. the vapour and 
hnving temperature differences up to A deg C ary dirges due to the contact 

(2k) Durham University, England 
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vero below the npinrutus sensitivity of 6 x UT° c. n.u. Tlie urou In contact 

lay between 0.2 and 2 no* and the contact tine between 0.2 and 0.5 sec. A 

/ok\ 

similar conclusion was reached by Evan* ' ( 1962 ). Charges as large as 

those reported by Reynolds, Brook and Gourley should have been detected 
easily. Die discrepancy has already led to some discussion by Reynolds 
and Brook ( 1962 ) and Nason and Latham { 1962 ). 

Evans (19o2) also has measured the charge remaining when a supercooled 
drop on a fibre freer.es, bursts, undejectu fragments. Although his results 
refer to only 50 drops there is an indication that the charge produced Is 
often larger than the Lathum-Nason theory can easily explain. 

The production of ice splinters on exposing a frost deposit to an 

(26) 

alrstreum at different temperatures has been examined by Latham 1 ' (1962). 

The particles were found to carry a charge, Its sign aid magnitudedtpendlng 

on the difference In temperature between deposit and alrstream, and explained 

by the la than-Nason temperature-gradient charge transfer theory, 
the 

At/Electrical Research Association Laboratories at Leuthc-rhead, England, 
an Inexpensive and reliable lightning flash counter hue been developed (Guide, 
1962). It operates on positive potential gradient changes caused by negative 
strokes to earth up to a distance of Uo km. The recovery time is of the order 
af 1 second so that If multiple strokes occur only one will be recorded. 

Since the Instrument Is also triggered by the appropriate cloud to cloud 
discharges It Is necessary to know Ule ratios of negative to ponltlve earth and 
cloud strokes respectively. 


. A* • 
•s! 




\ :* 

V.: 




mm 


t • -t t * V- 1 

: .’ • . V i 


■j. . r ; 


\ .Vt ’ V * * + M 


h 


(25) Durham University, England 

( 26 ) Manchester College of Science and Tbchnulogy, England. 
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ELECTROMAGNETIC ENEROY RADIATED PROM LIGHTNING 


Atsushl KIMPARA 

The Research Institute of Atmospherics 
Nagoya University 
Toyokewa 
Japan 


Abstract~ This paper la to survey the study recently developed 
on the electromagnetic energy radiated from lightning, l.e. 
atmospherics, not Including propagation. Characteristics of 
the electrostatic. Induction and radiation fields of lightning 
are fully described, including the frequency spectrum In the 
neighbourhood of the source. Consequently this paper will 
supply a foundation to the study of propagation of atmospherics, 
alow tall, EI.P and VLF propagations, whistlers, mechanism 
ot lightning discharge, etc. 
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I. Introduction 




This paper la to survey the goneral ol" the develop- 

A 

ments of observation and theory which have been made recently 
in the field of electromagnetic radiation from lightning and 
at the same time to suggest the items of collaborated study 
for the future. 

In order to study the characteristics of lightning 
discharge many kindSof measurement have been made and developed, 
i.e. optical, photoelectric, electrostatic and electromagnetic 
methods have prevailed all over the world. Here in this paper, 
specifically, the characteristics of electromagnetic energy, 
i.e. atmospherics in a broad senae, radiated from lightning, 
not including propagation, are described. 

The atmospherics propagate through the space between 
the ionosphere and the earth in the wave guide transinlasion 
mode or in the ray mode reflecting between them. Some of 
the energy penetrate the Ionosphere Into exosphere along the 
geomagnetic line of force, and go to t.ho other hemisphere 
where they are reflected back and return to the source ag.aln 

along the same geomagnetic lino of force. As the exosphere 

of 

Is the medium'plasma with magnetic field. It is dispersive 
and during the Journey atmospheric pulses become whistlers 
from which the density of electro:, in the exosphere is 
evaluated and the existence of proton in it Is proved. 

Frequency spectrum of atmospherics at the various distances 
from the source will show the propagation characteristics 
of LF and VI.F waves. Clncc the long waves arc not disturbed 
by geomagnetic storms ar.d proparate with low attenuation. 
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th.'y are v.-rv to I!:«? 1 ulema 1.1 ..n:t| e,.,»• u .« 

frequency stnn.inr.1s an w. 11 tin to t.j.e • i . method of nn v I eitd on . 

Cl 

It Is because the radio engineers and eeo-.hys 1^ t n mice pt>..ch 
of the study atmospheric: and whistlers. 

Consequently the InvurtJpat Ion of charact. rist! cs of 
electric, fields in the r.el chi o: rbiod of lirhtnlnr discharge, arc- 
very useful to the study of the m.chai.lstn of 1 lrhtnimr -llscharre, 
tiie pro: a..-ation of longer radio waves and the int. rfennca 
of atmospherics to radio communications. 

1‘or this purpose workrs have made no ffcr the weveform 
measurement with wide band receivers, in which the hand 
•-.idth Is less than 1 kc/s to avoid i riterf< rence in fairly 
clouded higher frequency rri-lon. liI,P l.ar.d, 1 c/n-’JOOO c/s, 
wl i i oil attracts recently attentions of eie-ineern ur.d scientists, 
is measured with receivers of pass band 1 c/s- c .O c/s for a lower 
frequency region and with waveform recorders for a higher 
frequency reed in, "slow tail". For HP, VHP aid CUP regions 
observations are made wit!: rinrle frequency receivers of 

very narrow band width to avoid the lutm-fi-tnc* of radio 

A 

eomnunl cations. 

I.Iphtnlng discharges ur. divided into 2 classes, 1. e. 
the clou i-eurth dlscliargo and the intra-cloud discharge. 

Vhe cloud-earth discharge consists of the pre-prelim! nary 
d'sehar,-*, the prel Irdn-iry ihdimyr ( Tr. I nil l Ion nt.anf^i. 
brenkd.>wn stare, I, I :il er: ui ii at •• stare and n t |. t |.„der 
Star. . > t H. H, : In: r. U rn si reamer rtagi , c, .1, tin. .’unction 
Streamer stare, 3 , P, ti.e final dlschar-e stage, etc. 

Corresponding to each of these optically observed stages. 
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e characteristics change of electric field is observed with 
fairy rood re.pon... <l) <2>(?)<1:><5>«> 

The lntrs-cloud discharge displays also characteristic 
field changes somewhat different from those of cloud-earth 
discharges. Therefore the investigation of electrostatic, 
induction and radiation field of these stages and the 
confiarlson among them are very useful to investigate the 
details of characteristics of lightning phenomena. Tt Is 
because the electronical methods, developed remarkably in the 
lB3t decade, are reconmended to reveal quantitatively the 
details of tha phenomena better than the optical methods. 

IX* Electrostatic Field 

In accordance with the observation at distances 25-250 
km, PI erce^ found with capillary electrometers the relation 
between the positive and negative slow moan field changes 
with distance. The field obeys Inverse cube relation and 
corresponds to a chance of electric moment of ]10 conl-km, 

1. e. to a field-change of 1 v/m at 100 km. Tt Is well known 
that near a storm most field-discharges are positive, while 
as the distance of the activity Increases negative field- 
char.ges become more frequent. 

For any particular year und for magnitudes less than 
about 100 v/m, Ihn ratio Kfr/N-, where Nf and M- nre tho 
number of all positive and nogutlve field changes, In constant. 
This constant value may differ from year to year, but there 
Is no significant change with magnitude between 100 and 0.1 v/m. 
Above 100 v/m positive field-changes become Increasingly 
predominant as the magnitude of the field-change rises. 
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A l'Jeld-change of lOO v/m corrosponoponds to a distance of 
e\out 20 km; the constancy of N+/N- belowe 100 v/m therefor© 
implies that discharges, producing a reversal in the sign of 
the associated field-change beyond 20 km, do not occur. The 
changes from year to year in N+/N-, for field chongea^lOO v/m, 
are therefore not to be regarded as characteristic ol the year 
but rather as representing differences between particular 
storms• 

Slow negative fleld-chanres are due. to air or cloud 
discharpes which e'U.er lower positive chantte or, more 
probably, raise nepatlve chnrpe. Slow positive f1eld-chenges 
nre produced by Hashes which do not r< sch the earth, arid 
which ••rol ably involve the downward movement of negative 
charge. Slow positive field-chanves with fast elements are 
produced by flashes conveying negative electricity to ground; 
Vsunlly, fl gradual L rise in field In succeeded by one or 
more rapid R elements sopars ted either by quiet Intervals 
or by slow J changes, end there Is often a final f- or t 
section. 

Takerl'*^ observed that In ground discharges the slow electro¬ 
static change is negative for near flash (within 5 km ), 
positive to negative at distances 5-15 kri, positive at 
15-20 km or more, and the Inrec ground stroke pulse has 
Almost always n positive and very sleep front. 

The difference between the slow field change of n ground 
discharge and that oT cloud discharge Is that the polarity 
of the dipole contributing to the slow change of a ground 
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discharge is negative and has a reversed relation to that of 
n cloud discharge, because the net field change Is negative 
In a near distance and becomes positive In a long distance. 

H 111 ebrand^obtalned a rather unexpected result during his 
observation of lightning discharge. With lightning strokes 
et a distance of 3-d km from his laboratory at Uppsala, it 
turned out quite often that the cathode ray was disappearing 
for a period of r >-10 ya . The magnetic field was considerably 
greater than the Held calculated for the return stroke 
with a velocity of about ono-fifth to one-quarter of taht 
of light. His interpretation would be postponed to future 
study and he wonders why was this fact not found in earlier 

observations. 

1 . Pre-nrollmlnary discharges. Takeutl (7 ' observed that 

about ■jO i of the ground discharges are preceded by a pre- 
preliminary discharge, duration «>0-t3O0 ms with median ol 
177 ms, which occurs within 3^0 ms before the first ground 
stroke,, and so this discharge precedes the "preliminary 
discharge". In some thunderclouds the greater part of the 
first ground stroke Is preceded by the pre-preliminary 
discharge, while in others the strokes ore preceded only 
by the preliminary discharge. On the average the ground 
discharges preceded by the pre-prellml nary discharge have 
fewer ground strokes than those preceded only by the preliminary 
discharge; the pre-preliminary discharge probably neutralizes 
the negative charge In the ground stroke. The relation 
between the pre-preliminary discharge and the preliminary 
discharge is not yet known at present, but Its characteristics 
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are almost similar to cloud discharges and It seems very 


likely to excite preliminary discharges. 

2 * ~° r T * fle1 - ^ change. (2)( * } The B field change. 


duration 2-10 ms. Is negative at distances upto 2 km, 
positive at distances in excess of <j km and positive or 
negative between 2 and 5 km. (Kalan); negative upto 6 km, 
positive in excess of 10 km and positive and negative or 
Indeterminate between (, and 10 km (Ishlknwa). Taking into 
account that the maximum chance of electric field occurrs 
si a distance where H is the height of charge centre, 

t field change Is attributed either to positive charge 
moving upwards from a minimum height of 1.4 km, or to 
negative^charge moving downwards from a maximim height of 
**'■ km. (2) The fact that the calculated heights of 1.4 
and *..f. km are in close agreement with the respective heights 

° r th * cl «' !d <1.5 to 2 km) and the lower region 
of the negative-change centre N (} to 4 km), strongly 
suggests that the b field change is due to a discharge 
between N and the positive charge centre p situated near 

the base of the cloud to make the discharge channel between 
p and N conductive. 

V i JMeld change. (2)(fi) The I field change, duration 
0 "4°0 ma » 13 th ® P"**t to connect the B and L field changes 
and the rate of change or field is either Tairly uniform 
or variable. 

h * L /leld chan g e, (1)(2 >(*> The L field change, duration 
4-50 ms, corresponds roughly to the photographed stepped 
leader process, but whonever n direct correlation is obtained 
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the L field change lasts from 1. 14 to 4«5 times as long, 
the difference increasing with the order of the stroke in 
the series. This indicates that successive strokes come 
from progressively higher regions. The L field changes are 
negative and hook-shaped when near, and positive and 
approximately parabolic when far. The change in sign with 
distance shows that the leader lowers negative charge from 
the eloud and distributes this choree along its channel. 

Two types of L variation preceding the first rapid 

( 3 ) 

R element are distinguished upon the field records. 

In the first, the Increase in field Is uninterrupted up to 
the R portion, while in the second the initial slow field- 
change is succeeded by a quiet part usually lasting until 
the rapid section, although there is sometimes a fairly 
short slow rise in field lnmediately preceding the R element. 
Somewhat similar effects have been noted by Sclmnland and 
given the’titles eland ; this nomenclature is rctaindod 
here, the two kindsof initial field-change being denoted 
by L (QfO and L (JJ) . The average duration for the L (o() change 
Is *>0 ms, while the corresponding figure for the L (|9) 
variety is l'.'A mn. The proportion of the total change of 
field, due to the whole discharge, occurring during the L 
section. Is found to bo significantly higher l«»r I. ((3) than 
for L ( 0 () variations; the appropriate percentages are 55 % 
and 40 % in Europe*?) and 75 * and 9 % Japan. (6) 

5 . R or Kaln discharge 1 ‘lcld change.**! The R field 
change Is made up of 2 parts. The rapid portion Rb has a 
duration of AO to 250 fia (most frequent value lf>5 pa). 
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and evidently corresponds to the rapid upwards movement 
of the return streamer, Its duration In between 1 .'> and .‘.0 
times ns greet as the time taker. for the returi streamer 
to reach the cloud base. Rb Is followed by slower field- 
change Rc which lasts fror: 70 to 'yOO ^.rs, corresponding 
roughly to the duration of continuing luminosity in the 
return streamer channel. Roth Rb and Rc are of positive 
sign at all distances as would br ox pec ted If t.huy were due 
to the removal to earth of negative charge from the leader 
channel and the cloud. Rut at the distance of more than 
1*7 kri Rb Indicates a superposed pulse wnlch deflects at' 
first on the positive side and then negative .dH^)(6) 

Rc from n near flash to ground j'reqnei tly shows small hook- 
shaped field changes which occur for a period up to fi ms 
after Rb. Its duration Is between 200 and <.>00 |J3 and Its 
amplitude is 0.2 to 0.01 times of Hb. It seems that these 
hook-shaped change can be directly related to the K components 
of luminosity In the return streamer channel. At a distance 
they show minor radiation pulses only. 

J field chanre. This field change In the Interval 
between separate atrokes of the multiple discharge to ground 
Is found to bo negative for near flash I within r > km), negative 
to positive at n dinfunoe r >-12 km, positive nt 12-20 km. 

/ U\ 

At distances between 20 and 1*>0 km, Kslan ' found 25 % 
positive, 57 % zero and 1*0 % negative, while V.’orwcll and 
Pierce^'^ found 2 r » % pasltivn and 7 1 ) zero. It ta believed 
that during this process there occurs a discharge between the 
positive charge brought to the top of discharge cnannel by 
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u,,! C" I ill'll I, reamer and In*! ri*- l .*n 1.1 ve rhnrrr f ri t|.*j e.lond. 
This <51 schnr'n makes conductive the part of n column In the 
cloud, which has abundant negative charges, to excite the 
next dart leader. 'faking Into account the chan.re of sign 
or J field change with distance, Malan {o) considered that 
the discharge proceeds upward in the cloud and at the same 
time the effect of positive charge, which Is high above 
the cloud and cischar.res upwards, docs not none out at a 
short distance due to the masking effect of the J field 
chonre and appears progress Ively with Increasing distances. 
According to the observation at Soccoro Mountain (alt. 

; ,200 ft or 2,2^0 m) by I rook^f') trie J process. In which 
n streamer moves slowly upward In the Intervals between 
the return strokes was cl.arly visible ns It penetrated the 
remote melons of the clou I. The upper most region from 
wide., tne return 3troko originated was obsrved to move 

A 

(In steps reminiscent of darts) upward and outward. 
Illuminating new r.-rlons of eloi <!, before a new section was 
a.lded to the channel of the previous return stroke and a 
new stroke occurred, fnr.e .llnrhnr en to ground appeared 
to originate from a verticul column, but far tiio greater 
number were seen to pro-ress horlaontally or inclined at 
about 50 to the horizontal. The horizontally progressing 
junction streamer occurred about 5 times as often as the 
vertical streamer. These observations are consistent with 
the field measur.-menf of Vorwrll and Pierce. 

Hrw!tt f11 ) employe: a radar equipment at a frequency or 
Ic/s for the study of streamer movement within 
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thunderslouds in the Intervals between strokes to «*ound. 

'ihe observations show that ascending echoes occur at 
«ncreaslng ranees and angles or elevation in the interstroke 
intervals, the heights Increasing with the order of the 
intervals in the series. This is in accord with what would 
he expected if the echoes came from J streamers and the 
observed vertical velocity agrees with that found for the 
J streamer. A futher observation show that echoes at lower 
heights less than i» km persist throughout the series or 
ascending streamers and often show considerable horizontal 

movement• 

7 . v fi«ld change. Kalar> (12 > found that the V field 
change is a larrre final slow positive field change most 
frequently occurs after flashes having fewer than h strokes 
in the multiple stroke process. It is shown that this field 
change is due to’ n continuous discharge to ground or part of 
the negatively charged column higher than that reached by 
the last stroke. The mechanism of progress of upward 
discharge in the column is similar to the J process. The 
discharge to ground changes from intermittent to continuous 
when the charge density becomes too low. It Is believed 
that during this process there occurs a more active discharge 
between the positive charge at the top of the cloud and the 
negative charge above It, and the effect of this discharge 
is not clear at short distances aue to masking effect oi 
V process in the negatively charged column, but it appears 
remarkably with increasing distances. 
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III. Induction rield. 

B or iu pulsations. According to Tshlkava,^) Clarence 

and Malnn,^) at a distune* mono than 1 ^ km the i or If' 

field change starts with a train of large and predominantly 

positive pulses of varying and gradually decreasing amplitude. 

The Interval between the pulses Is irregular and varies 

dUA/ujXiovu 

from dO to 230 ys. The most frequent A of the pulse train 
Is between 2 and 1 * ms, the longest train observed lasting 
for 12 ms, the durations correspondin'* with those of the 
electrostatic H field changes, llmnll amplitude pulsations 
of which time separations are between 5 ond ^ arr o(t<,n 
superimposed on the larre low-frequency B pulse-. They usually 
continue with varyln* amplitude un to the Incidence of the 
return stroke. 

2. 1 pulsations. The pulsations In the interval 

between the B and L stages are high frequency pulsations 
of very small amplitude. Periodic spurts or isolated pulses, 
of amplitudes comparable with those of the B pulses, often 
occur during the I phase. These pulses are positive when 
the rate of etiange of electrostatic field Increases and 
negative when the rato of change of field decreases. 

When the return stroke follows the large h pnlre truln In 
l*-:»s than 30 or 1*0 ma, the wholn Intermedia to Interval Is 
occupied by the characteristic high frequency L pulsations 
described In the next paragraph, which suggests that In 
these cases the T stage is short or absent, 

5 . L pulsations The Hold changes immediately 

preceding the return stroke consist of a train of steep end 
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predominantly . osLtlve pulses followin'* each other at 5 to 
10 |js Intervals. Some of the pulses arc of larger amplitude 
than those Intervening. The lar.rcr pulses follow each other 
at Intervals between *0 and cO j;s, which Is the same as the 
pause time letween the bright sreos of stepped leaders. 

1 he observation, however, that strokes subsequent to tho 
first are often preceded by similar pulse trains Indicates that 
they cannot wholly be due to the stepped process in the 
downward leader, ilnee tie effects In the intervals between 
the strokes of a flash must be duo to J streamers. It is 
r«asonulle to conclude that the similar field changes 
Immediately precefdincr the first stroke are also mainly 
caused by streamer discharges inside the cloud, which 
supply charge to the advancing leader. Vht pulses during 
the L part of the discharge ere smaller in amplitude than the 
I? pulses. The amplitude ratio of F to I. pulses varies 
fr*»m *:1 to 20:1, the higher the rate of change of the 
elect:* 'static flelo durln* the 11 ata-'o, the larger this 


rat 1o, 


IV. Yl.e Hudlation Field. 


1 . Prol1 mluarv alschar-e process. 


(2) (l 7 .) (ill) 


'ihe radiation field 


of p prelJ;. \ i;ary -.Mi 5 charm process in the ground discharge is 
remarkable in every frequency. It Is observed even when 
the static field change Is not clearly approved, ’ihe b, 

I and L stn.re3 3hov> always some Indication of high 
frequency radiation. Usually the amplitude of I. is largest, 
and then that of F and 1 the smallest; the radiation field 
of B and T stages arc ne^li rllly smell in the frequency 
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mnKe between POO c/a und 2<"> kc/a. The radiation field of 
.ini-sequent dart leaders Is riot essentially distinguished 
from that of J process filling up In Interstroke period 
especially at higher frequencies. 

The records obtained during the daytime illustrate 
threo common types of radiation L fields. (1) The <X type 
(duration 2-25 "is) having a small almost uniform train of 
pulsations whose amplitudes are often less than 1/100 of 
that of the return stroke. (11) The slow ft type (duration 
3-19 i*®) whose initial pulsations are slightly larger than 
the later pulsations, which resemble those of the 0( type. 
(Hi) The lar-e amplitude fastj&type (duration 1-7 ms) 
whose Initial pulsations may have amplitudes up to half as 
largo as the first i*eturn stroke pulsation. Intermediate 
types are also obtained. The time Intervals between the 
L pulsations vary from ’,n to 100 ps which Indicates that they 
originate from stepped leaders. Night time atmospherics 
show the same three types of loader, but the apparent time 
interval between the steps Is smaller owing to successive 
Ionospheric reflections. 


2. The return streamer process, 


The salient points 


re -ardln* the radiation field of ground discharge is as 
follows. At 5 kc/s the radiation Is confined to the return 
strokea. Thla remained true up to ebout 20 kc/a except 
that preliminary and lnlerstroke pulses occasionally appear 
with amplitudes 1 to 2 % of those of the return strokes. 
With Increasing frequency up to about 1-2 Mc/a return strokea 


Lk* 
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still havo the largest amplitude, but radiation from other 
parts of the discharge become processiveiy lar*e. At U“12 
Kc/s, especially at hirtier than 10 he, the Matter surpass 
the return strokes in amplitude. An Interesting phenomenon 
Is observed at these higher frequencies. The radlatlor Is 
Intense and continuous during the course of the first few 
strokes of a flash, except for pnuses varyii % from 2 to 20 
ms immediately followim* a return stroke.* After the 

initial hurst of activity the pulses become more ard more 
spaced In time. W'th increasing frequencies, the intermlttont 
Impiilsive radiations chnnme gradually into continuous 
radiations, hut Ht frequencies higher than 100 Kc/s they 
occur very often associated with electrostatic pulses. 

3 . The cloud discharge precess. In the Intra-cloud 
discharges smell rapid step like riel; changes responsible 
for sudden burst of bright luminosity are usually superimposed 
in sporadic fashion on the slow field change. At frequencies 
from ^ to ir kc/s there nr«* usually only one to three vory 
small radiation pulses which are associated with rapid but 
not necessarily the larg-st K field changes. As the frequency 
increases to 2 K.c/s more and wore radiation pulses appear, 
those associated with h field changes remainin 11 the lament. 

At J|-12 Mc/a thu radiation iiecomes practically continuous 
and the K tulses enn no longer be dlstlnruished Trom the 
rest of tiie radiation. The cloud discharge hns somewhat 
3 < jir.i isr hi eh frequency characteristics to the J process 
in the ground discharge and it is generally composed of slow 
J-llke streamers and r--any rapid local streamers. At higher 
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freqxiencl es than 1'*' Kc continuous and Intr rr.I ttent radiations 
Independent of any process Hire stepped leaders are observed. 
Lightning flashes within 5 km show v-'r.v often a continuous 
radiation, which ha3 a duration larger than 100 ms, nccopipanled 
by an electric field of complicated variation. 

The following figures <»lve the ratios of the amplitudes 
of the return stroke radiation of ground discharges to the 
amplitudes of the most Intense radiation components of cloud 
discharges at «11 ffermt frequencies: 


Frequency 

| kc/s 

10 " 

20 " 

30 " 

50-100 " 
1.5-12 Mc/s 


Amplitude ratios 

20/1 - 1 : 0/1 
10 / 1 - 20/1 
10/1 
. 5/1 
2 ^ 1 * 3/1 , 
l/l-l.5/1 
l/l 


The above figures agree with the suggestion of Alya that 
cloud discharges contribute llttlo to the radio nolsr level 
bolow 1 Mc/s. 

V. Frequency Spectrum. 

The frequency spectrur.m of atmospherics Is very Impotent 

to the study of wave propagation, propagation of atmospherics, 

mechanism of lightning discharge, hut It Is also very difficult 

to ol tain a freqt ency spectrum at vnri ous distances from 

the source, ot various rtnn s of lightning discharges, at various 

a 

geographical futures, ut various meteorological and seasonal 
conditions. Althou.-li the data avalable at present are very 
few, the followings are the main results of observation from 
ELF to UHF all over the world. 
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Tnyor and .Inina^'4 recorded the InUr.sit./ of atmospcrlcn 

at 1—I4.O kc /3 emitted from the ground discharge at distances 

\ etween 150 and 6CO km. Watt and Kaxrwll^ 1 ^ made slndlar 

observattons at 1-100 kc/s at distances between *0 end 50 km. 

(17 ) 

Horner measured at 11 Kc/s and A kc/s at distances between 
1.5 and (.*) km. Takagt*^') measured nt 10 O kc/s-500 Kc/s 
at 15-20 km. Schafer^ 1 ^ measured at 1^0 Mc/s at I -32 km. 
Summarizing these data and normalirlnp at a distance of 10 
km for the receiver bandwidth of 1 kc/s, we obtain a 
frequency spectrum as shown In Klff.l. As the method of 
measurements and characteristics of the apparata are different from 
each other, the curve In the figure Is not fully reliable; 

It Is only to allow the cenernl tendency, 'ihe waveform of 
atmospherics In the neighbourhood of li^htnln^ discharge 
depends on the ,reo.;ra:-nlcal feature (sea, mountain, plain, city, 
town, tower, etc.), ,'eo^raohical posit*on and the kind of 
. Ischarm (pround discharge, cloufd discharge, etc.) and 
Chan.'f3 from time to time dur’nr the discharge process. 

5 wo wtdoly quoted expressions have been riven for the 

Y 

current :n^o ourlng the re 11 :rn-stroke of the 1 l-htnlnp 

flash to e- rth. lot.h , ^ t> ^ hove the same double exponential 
-dt -Bt 

from l^sl 0 (e -e ™ ), wh«*re t Is the time In sec. and 
1 fc the current at time t , the orlpin of time- beinp taken 
at tho start of the return-stroke. Bruce and Oolde^'^ 
i^nve the following florires for the parameters, namely, 

1 0 • ?y,000 A, Cl* .I4 x 10^ i| ,(■> x 10^, while Norlnder^ 20 ^ 
sUkffested the values 1 0 = 20,000 A, oC* 7 x 10^, j3 s U X mA. 
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I.i *' 


It 1 3 well known','*'”' for Instance, that Individual 
lightning flashes .dirfer considerably in their spectral 
characteristics, the excitation of which may be anticipated 
to be related to conditions, and therefore currents, in the 
return-stroke channel. Perhaps the most striking evidence, 
however, for the existence of at least two main types of 
current sur^e is that derived from the study ol atmospherics. 
The frequency spectra of the electromagnetic fields radiated 
respectively by return-strokes carrying the Norinder and 
Bruce-Golde forms of current surge, with the current assumed 
to be uniform along the channel, can easily be calculated. 

HuiUD caleu i ate( j the radiation energy of lightning 
In the VLP ranme, considering only the return stroke, and 
found that the spectral energy distribution Is centred at 
about 11 kc, with a total width at half-maximum of 12 kc. 

In 1<»S2 it was suggefted by Shumann^ 22 ^ that the earth 
and ionosphere may together act as a cavity resonator for 
electromagnetic wave and that the first resonance should 
occur at 10.6 c/s. Refinement of the thery indicated that 
losses due to absorption by the ionosphere or radiation 

through the Ionosphere-should reduce the resonant frequency 

-4or 

by at least 1.6 c/s. Experimental evidence^the existence 
of the first resonant mode was reported first by bcluimann 
and K5nl g ^ 5 ) an( j f j n considerably more do tail by Kdnlg. 

The theory of ELF resonances was more recently discussed 
by Walt, and experimental evidence for the existence of the 
first and higher resonant modes, based upon measurements 
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of electric fluids, wan proncntod l.y l-ulsor »hi*I Warner. 

Thel r results were also applied by Httonor to the calculation 

of* an ionospheric loss parameter which is a funct'on of the 

height and the conductivity of the sharply bounded ionosphere 

assumed in the first order thery. Additional experimental 

results were punished recently l:y hiinig, by Maple, by Lokkon, 

Shund and Wri.rht, by I’olk mu! /I tclu-ri, and l<y Lao, JJndo 

and humagai; Kbnlf^ 2 ^ reported thut almost the 3ame type 

of ELF were observed at honn and Munich which was classified 

into ^ types correlating with weather phenomena and on the 

occasion of solar ellipse the rlmllnr chnrwo were observed 

with the sunrise and sunset pht-nnnrnn; Polk * corif 1 rmod the 

existence of comparntivoly strong natural oscillations in 

the ? to 10 c/s frequency range, but the resonant frequency 

exhibits short-tlm*’ variations and at nl -htihey are consider- 

al ly weaker than \t rlr.p daylight hours unc strong' r than 

( 2 r> ) 

usual durl ng periods of •c-omn-'m tl e activity; f ao 1 
snur.-ested that >nly L"; of 1 1-1 lining, discharge omit KLP 
and hi of K1F come from rourcos, which radial i* VI.K, uround 
tl.e observatory and n't fr<»n. sources all over the world. 

VI . Vue Study Programme for the Future. 

1. According to the observation for a long time It seems 
that the characteristics of atmospherics, which neftno its 
frequency spectrum, dopond on the conf tioirntlon and development 
of thundercloud. They show variations in accordance with the 
seasonal and meteorological conditions ns well as geographical 
features such, as plateau, plain, mountain, sea, lake, town, 
city, tall tover, etc. Therefore it Is recommended that the 


r\. • 
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l'l-pqi oricy neper I. run from El.F t.n t !!!•' Is to he measured nt 
varlni'9 <M stances from the sm.rce, at every me to 'VoEocical 
and seasonal ?on !I tions ns well as at every .’eoTra:-1.1 cal 
feature. It will cor. tri!'.te to the study of wave propagation, 
mechan-'sm of lirhtning discharge, properties of whistlers, etc. 
At ally some ax thorn rl w< I that the occurrence of whistlers 
devend on the frequency sricctrun rp r,other atmos*'heri cs and 
on the "'r iparri ti on <• -nd ' 11 3ns , and those a tmor- . -herlcs which 
have a peak ne.-r c . kc, In place of nrd’fcnary l r l<c, excite 
willstiers v. ry often. 

2. At present many sci ent ists observe the production, 

.icvelopment and tentrue t! >n of thunderclouds at. many points 
on the f.’r°und with electronical instruments, and evaluate the 
electrical cor fl curat*, on of thundercloud. But this Is 
aftcra"*l the indirect Method and it. is complicated, requdiresa 
1 srer nren, many mar.-' ower, etc. 'therefore It. is recommended 
to .Iftrratr.c the spec 'fin a t, I w of a rrrl 1-i-sondu arid n .‘indar 
wl th ITT and ; !.i :■ copen suitable to observt horizontal and 
vert 1 cal cruifl yurrit' mis of * lumdt rcloi.d. 

5 . A1 thou.di we could not ru. receded illstiii’hcd by a typhoon, 
we made a measurement of characteristics of a ground discharge 
w’th a larrro paper haloon, connected with a grounded conducter, 
at 200 tn hi ph upon the plater of lit. i In rune (lJ|J|t in) , around 

which rnnnv equ 1 prtents for measurements w> re arranged. It is 

most 

therefore recommended that tho useful metnod of this kind 
would he ulscustcd and determined so t.hat. a similar but 
more elaborate method may corre out. 
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SESSION 9.5 


To be presented at the Third 
International Conference on Atmospheric 
and Space Electricity, May 6-10, 1963* 


The Concepts of Atmospheric Electricity 
as Applied to the Ionosphere 


K. Maeda 


(Kyoto University, Japan) 


Abstract 


1 . 1 ) Electric charges in the ionosphere are carried by tree eleotrons 
and ions which are maintained by a balance of solar ionizing radia¬ 
tion and decay processes. The electron density can be measured by 
vertical radio sounding from the ground surface and the «(h) profile 
is calculated, from the data of this sounding. However, such H(h) 
profile 1 b not complete, but the whole profile can be obtained with 
the aid of sounding rocket bearing suitable senaore. Ab for the 
outer ionosphere attending to the magnetosphere, the H(h) profile 
is estimated by topside sounding, satellite signal reception (Fara¬ 
day rotation and Doppler shift experiments) and whistler observation. 

of- 

The 1(h) profile is a knowledge^basic importance not only for radio 
propagation study but also for understanding the interrelationship 
between the geomagnetic variation and the ionospheric behaviour. 

For the latter problem the ion density profile ia also essential, 
which could be revealed by sounding rocket so far, though incomplete. 

\ 

1.2) The dynamic behaviour of electrons and ions will be described 
in terms of velocity distribution, drift velocity, collision, elect¬ 
rical conductivity and current, some of which are mutually connected. 
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nine discharge and other climatic phenomena. When wo ones go up 
into the lonoepnere and still higher level, the situation will 
change. Radio noise originated near the ground can invade there t>y 
extraordinary wave modelwhistler mode) and such penetrated energy 
is expected to be fairly large especially during night. A special 
distribution of radio noise iron Buen arigin will be studied. 

2.2) On considering the radio noise in the ionosphere and exosphere, 
one can imagine the possible existence of noise from extra-ten es- 
trial source. If this is really the case, the noise distribution 
ia subject aS wave propagation law which involves the frequency 
ot the wave and geomagnetic field as important factors. 

2.5) Moreover one might Imagine the generation of radio noise by soma 
certain electric phenomena occurring in the ionosphere and exos¬ 
phere. Liberation ol free charges by impinging meteors might oe 
an example, and synchrotron radiation of high energy electrons in 
the radiation heite may oe another source ol noise. 

2.4) Besides the above, we have to notice that there is an evidence 
to believe the existence ol' a certain amplifying action lor radio 
waves in the exoapnere. *'he phenomenon known as VhP emissions, 
such as dawn chorus, hooks etc. is the evidence, i'he problems of 
possible sources and amplifying mechanism should be studied, and 
one may suppose that such amplifying action, if it really exists, 
can contribute to raising the energy oi radio noioe. 

2.5) All the abtve points will be finally consolidated to the problem 
on the nature and structure of radio noise in the ionosphere and 
its outer space. In connection to this problem one more important 
point must be added. That is the study of how the radio waves 
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penetrate the ionosphere. The problem 1. to know the rates of 
penetration and retiection or radio -ave energy .hen the .aves go 
up and come down through the ionosphere. The prooieo .ill oe 
attacked analytically. T h e rocket experiments and satellite obser¬ 
vation. (such as LOFTI) .ill be very useful for the study of the 


problem as a .hole. 


^Dproved for FUH&feA^FcffiET C06461851 






C06461858^ 

. .. _, ^ | * Approved for I 

STAATI.ICII AUTOKISM.KIT. 

VKRS1JCIISANSTALI’ FUR 
GFOF.I.F.KTR1K UNI) BLITZSC'HUTZ 

UJTEK: OIPI..-INO., SC. IWIIN.DR.VOI K.I K FKITSCII 


C06461858 

■m 

m 


l.£ «*v- 

a&ii 

‘‘I 

Janner 1963 


Wien, am 

te*:; 

ill, Arsenal, Ohjckt 3 

M i 

Postadressc: Wien, Postamt 62. Fach 389 

y >£ 

Teleron: 65 63 73, 44 05 36 


Postscheck-Konto: Wien 182.393 



Volker FRIToCll, Wien 

Ueoelektrische Probleme UeP iJlitzforschung 


uie Frage, ob und wie der untere foil der dlitzbahn durch die 
elektrische deschailenheit ues Untergruudes beeinlluiit wird, 
virird in der .‘uchlitorutur scnon lange uiskutiert. aber erst 
die uouurne geooloktrische Melitechnik konute jene genauen Aul- 
schliisse Liber die elektrische dtruktur des Untergrundes geben, 
die notwendig sind, um dieses Problem auf eine cxakte Grundlage 

zu stellen. 

der Elektrotechniker ist im allgeraeinen gcwohnt mit recht homo- 
genen Leitcru zu rechnen. der Untcrgrund ist aber, elektrisch 
betrachtet, ein Leitergebilde von meist selir komplizierter Na- 
tur. .liderstandsschwankungen um mehrere Zchnerpotenzen uber we- 
nige Meter Eiitfernung sind koine oeltenhcit. daher sind auch 
scharf ausgepragte elektrische diskontinuitutsflachen vorhanden. 
iian versucht diese Frage durch statistische ^rhebungen in Ver- 
bindung mit geoelektrischen bodenuntersuchungcn und durch Mo¬ 
del lvorsuche zu klaren. 

Um das Problem statistisch eindeutig zu klaren, ware cs zunuchst 
nbtig, fur jeden Puukt der untcrsuchten Flache einen iiruch anzu- 
schreiben, der die durch Blitzentladung abgcleitete Elektrxzi- 
tatsmenge pro Flacheneinheit angibt. diese Angabe ware dann zeit- 
lich auf eine Gewitterperiode, also auf ein Jahr, zu beziehen. 

Nehmen wir an, wir hatten diese Ziffcrn fur eine grebe Flache 
und fiir einen geniigend langen Zeitraum, uann ware unsere Frage, 
ob ein Zusammenhang zwischen der Entladungsdichte und geoelek- 


ur .Volker FaIUCU, Leiter der staatlich autor.Versuchsanstalt 
lur Geoelektrik und Blitzschutz und Professor der.H.f.*.. 
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trischen Faktoren besteht, aber noch nicht ohneweiteres zu 
beantwortcn. ./ir wissen, dail die geoelektrische Jtruktur des 
Untergrundes moglicherweise eine komponente ist. Ganz sicher 
aber existieren neben ihr noch miudestens zwei weitere: eine 
meteorologische und eine topographische. ..ir raiissen daher die 
geoelektrische Komponente isolieren. dariiber wollen wir noch 
spater einiges sagen. Zunuchst wollen wir aber untersuchen, 
mit welcher Genauigkeit wir die Zntladungsdichte iiberhaupt 
schatzen konnen. 

Leider stehen heute, wenn man von einigcn Landcrn absieht, 
nur sehr wenige und luckcnhaftc otatistikeu zur Veriugung. 


Auf den letzten internationalen dlitzschutzkonferenzen wurde 
die Frage der Jlitzzahler diskutiert. meGtcchnisch bcstehen da 
sicher keine iiindernisse, aber gewisse i-’robleme, wie zum Beisp. 
die Trennung der ^.rd-und .Voikenbiitze, sind noch nicht gekliirt. 
Auch hat jedcr Blitz gewissermalSon eine "Aielireichweite", die 
von der eigenen itromstarke, deni Veriauf der iiiitzoahn und 
weiteren Faktoren ebenso abhiingig ist, wie von der Aieliempf ind- 
liciikeit des Anzeigegeriites. .'ahrenu aul der einen oeite Goppel- 
zahlungen kaum zu vermeiden sein werilen, uurften andere schwache- 
re tinschluge wiedcr iiberhaupt nicht registriert werden. Unter 
diesen Voraussetzungen wird man erst nach vieileicht zehnjiihri- 
gen AieBperiodcn einigermallon repriisentutive Vergieichswerte er- 
halten. ..'iihrend so lunger /.eitraumc andern sich aber oft die 
lueteoroiogischen Voraussetzungen regionul nicht unbedeutend. 
lch habe zuhlreiche Lcitungsstatistikcn untersucht. man orkennt 
da sehr deutlich, da:i die sogenannten GewitterstraUen sich 
innerhalb oft recht v/eiter Grenzen verschieben. Jcdes Jahr sind 
andere Abschnitte der von den JtraGen senkreclit gequerten Lei- 
tungen besonders oft betroffen und daher kann man oft erst nach 
30 Jahren wieder brauchbare Mittel erhalten, aus denen man 
Schliisse ziehen kann. 
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Die topographische Eomponente ist konstanter, obwohl, besonders 
im Gebirge, der Einfluii dieser Komponente durch die meteorolo- 
gische mitbestiiamt wird. 

iis ist also sowohl die Ermittlung der Zahl der Blitzschlage 
und deren Einschlagstelle, als auch die Tre.mung der drei wich- 
tigsten Komponenten in einfaclier .Seise nicht rabglich. .Vxr raussen 
zu Untersuchungsmethoden greifen, die viel komplizierter und 
obendrein weniger zuverlassig sind. 

Betrachten wir einmal die rein physikalischen Voraussetzungen. 

.;enn sich die Vorentladung des Blitzes der Erdoberilache nahcrt, 
so wachst ihr bekanntlich aus dieser eine "Gegenentladung" ent- 
gegcn, die auch Vangentladung" genannt wird. Vereinigen sich 
diese beiden, dann ist der ionisierte Kanal geschlossen, in dem 
die Hauptentladung zustundekommt. Pur jenen Punkt der ^dober- 
flache, von dera die Hauptentladung daher ausgeht, ist sorait si- 
cher,im hohen Made die Entwicklung der Gegenentladung bestxmmend. 

Es ist nun aber klar, dull diese Gegenentladung in erster Lime 
von einer Zone ausgchen wird, in der untcr dem mnfluli der vor 
dringenden Vorentladung ein hoher Potentialgradient entstchen 
wird. Dudurch wird das Problem physikalisch etwas durchsichti- 
K er denn man erhalt llinweise auf den Einfluli der geoelektri- 
schen Struktur und auf die llbhe, in der diese noch wirksam sein 

kann. 

Ute Aquipotentiall'lachen des normalen luftelektrischen 1'eldes 
werden durch die geoelektrische Ueschailenheit selust eines in- 
homogenon bntergrundes, sicher nicht bceinllubt. erst, wenn star- 
kere dntladungsstrume fUeUen, gewinnen sie dedeutung. ■» ' 
die Aiderstundsunterschiode i.» Untcrgrunde aber oft rccht be 
tend. Im tlochgebirge end Beispiel, sind seiche von mehreren Ae - 
nerpotenzen uber cntfernungen ven nur wenigen Hetern 
hen. es ist dann physikaliscn verstandiich und auch durch .eaeU- 
versuche erwiesen, dab die uogenentladungen besonders aus sch^- 
len gutleitenden tinschliissen hervorquellen. die gceel 
diskontinuitatszonen unterscheiden sich daher wesentlich ven 
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mogenen Gebieten. Natiiriich wird durch die Gegenentladung nur der 
unterste Veil der dlxtzentladung oeeinlludt, raeist wohl nur die 
zwei bis drei letzten Stufen der Vorentladung, die zusammen eine 
Lunge von ungefuhr 8G bis 150 m ira tiittel haben diirften. liber 
diesen Mdhen ist dann der geoelcktrische Linfluft des Untergrun- 
des ohne dedeutung fur die Ausbildung der I31itzbahn. diese Ibcr- 
legung scheint iibrigcns auch vertretbar, wenn man verschxedene 
ulitzphotos naher analysiert. 

3etrachten wir zuerst die Moglichkeit, das Problem auf statisti- 
scher Basis zu behandeln: Voraussenden mochte ich, daii nur Sta- 

tistiken einen >iert haben, die sich iiber lange Zeitriiume erstrek- 
ken. 

die Statistik, die in einigen Liindern gepflegt iviru, ist natiir- 
lich mchr nach wirtschaftlichen uls nach wissenschaftlichen Ge- 
sichtspunkten ausgerichtet. In erster Linie steht die raeteorolo- 
gische und die Schadenstatistik zur Verfiigung. Kritische Verglei— 
che in asterreich haben gezeigt, daii als einzig sichere Jezugs- 
basis die Zahl der jiihrlichen Gewittertage angesehcn werden kann. 
die Angaben iiber Zahl der Gewitter, Oder gar iiber dercn Intensi¬ 
ty, sind zu ungenau. 

die ochadcnstatistik ist in den einzelnen Liindern verschieden or- 
ganisiert. In nianchen Liindern weruen die dutcn nicht vcrbffent— 
licht, Oder sie sind unvollstiindig. In Osterreich gibt es heute 
®ine 15—jahrige, fiir das Dundesgebiet einheitlich organisierte 
Statistik, bei der auch darauf geachtet wurde, daft sie Aussagen 
macht, die auch den .•issenschaftlcr interessieren. da in Oster— 
reich das Versicherungswesen durchwegs in bffentlicher Hand ist, 
so besteht fiir die einzelnen Institute, die mcist den Liindern ge- 
liorcn, kein Grund, Angaben geheitn zu haltcn. In Jedem der neun 
Bundeslander gibt es eine "Landesstelle fiir drandverhutung", die 
auch die dlitzstatistilc fuhrt. ua praktisch alle wichtigen Ob- 
jektc beobachtet weruen und iiberdies auch alle dlitzschlage be- 
riicksichtigt werden, die irgendwie zur Kenntnis der Landesstel- 
len gelangen, so ist diose Statistik ziemlich umfassend. 
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Gestatten oie mir, daii ich nur einige Zahlen anfuhre: Osterreich 
hat eiae r’lache von nur 84.000 knC. Trotzdem also Osterreich ein 
sehr kleines Land ist, kann uns eine osterreichische atatistik 
etwas sagen, denn dieses Land ist topographisch und siedlungs- 
rnaflig sehr verschiedenartig. Osterreich urafalit zunachst alle 
Landschal'ten, vom uochgebirge, das fast bis 4u00 in ansteigt, 
bis zur Tieiebene. hat ein stark differenziertes ivlima. iiied- 
iungsinaiiig umfaiit es alle ^inheiten, von der uillionenstadt bis 
zu den kleinsten Aipengehoften und schiielilich sind Industrie 
und Landwirtscnaft iiber bcstimmte Zonen verteilt. ao wird ran¬ 
ches, das wan in Osterreich beobachtet hat, vielleicht auch fur 
groiiere Lander interessant sein. 

In Osterreich werden jahrlich ungefahr loOO ^litzschlage stati- 
stisch eri'alit, also ein alitzschlag auf ungefahr 8o-ioo km . 

_>iese Ziiier liegt naturlich tiei unter uer tatsachlichen. Linen 
Anhaltspunkt erhalt man, wenn man die Verhaltnisse am iiande von 
..ien betrachtet. In ocr Stadt ,ien wurdon pro Klacheneinhcit un¬ 
gefahr achtmal, wean man das dicht verbaute Gebiet betrachtet, 
un-ofdhr zobnmal so viol .Uitzschliigc beobachtet als in den un- 
raittelbar angienzenden Gebieten. In der Omgebung von icon, hat 
G. aruckmann, allcrdings auf Grand viei weniger zuverlussiger 
Unterlagen, ein Verluiltnis 0:1 berechnet. Beide Stadte sind un¬ 
gefahr glcich groii. uicse Jiifercnz ist nur darauf zuruckzufuh- 
ren daii in der Otadt die Jcobachtungsdichte viel groSer ist a s 
in den landwirtschaftlich besiedelten Gebiqten der Umgcbung. »,an 
wird daher annehmen diiricn, dali ungefbhr 95>o aller Blitzschlage 
gar nicht beobachtet warden sind. Unter diesen Umstanden darf 
man fragen, ob eine solche Otatistik uberhaupt eine Aussagekraft 
hat. Ich glaube, dali man diese Frage de.moch positiv bcantworten 
darf, wenn man bedenkt, daii die Beobachtungsstellen zwar auf die 
ieweils dicht verbauten Gebiete zusaumengedrangt sind, die viei- 
leicht nur G-10;- der Gesamtflache osterreichs ausmachen, dali die¬ 
se abcr winder recht gieichmaBig Uber das ganze Gtaatsgebiet ver¬ 
teilt sind. ..enn man von iien und vier weiteren btadten mit unge- 
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fuhr 100.000 bis 250.OoO Einwohnern absieht, verteilen sich 
die iieobachtungsstellen auf ungefahr 17.000 biedlungseinhei- 
ten die in 7y bezirken zusammengelaiit sind. .'ir liaben nun 
diese liezirke zur urundlage der Jlitzstatistik gc^ahlt. 5ie 
sind in. Jurchschnitt etwas uber 1000 knT groli, also relativ 
klein, andererseits aber doch so groii, dab durchschmttlich 
auf einen im Jahr 12 beobachtete ulitzschiage fallen, und da 
die Statistik beute uber 15 Jahre lault, so erhalt man lur den 
Bezirk im Ourchschnitt uber 16u beobachtete dlitzschluge. Oie 
ortliche Verteilung einer solehen Zuhl kann doch schon einxges 

sagen. 

.,ir wollen dahcr unsere Statistik nicht auf die 1 -iucheneinheit, 
sondern auf die Zahl der beobacl.teten Ubjekte betiehen, da nur 
diese exakt erfabbar ist. as 1st, urn die Zuverlassigkelt dieser 
.(eduktion beurteilen zu kbnnen, wieder notwendig, die Vertel- 
lung dieser Ubjekte uber die einzelnen staatsgebiete zu un er- 
sucheu. Nur dann, wenn diese einigermaucn homogen ist, wir 
eine auf die Zahi der ubjekte bezogcne statistik in den cin- 
zeinen btaatsgebieten vergleiehbare angaben lielern kbnnen. 

lm ganzen staatsgebiet entlalien, wenn man die -aid-, .asser- 
und udlandl'iachen abzieht, in denen kein de.baebtuugsaienst 
besteht, durclischnittiicli 22 ubjekte auf don ,„adratkllometer. 
uiese Verteilung ist in ungefahr (SO* dos ataatsgeuietes fast 
die gleichc, in lu,. der debictsflache ist sie urn 2Y, and la 
der ucbiutsfXacbe urn la,, geringer. zs banueit sicn bei den 
letzten beiden urn die liochgebirgsgebiete in aalznurg un ire . 
llan kann also von einer zieiulich homogenen Verteilung der - 
iekte Uber das ganze staatsgebiet spreehen. Jaher wird eine auf 

die Zahl der Ubjekte bezogene statistik ausreichend reprasen a- 
tiv sein. Selbst die erwahnten sehwacher besieuelten uemrgs 
zoned werden ausreiehend statistiseh erfallt, denn die aiedlun- 
gen sind in diesen Gebieten zwar auf die schmalen la er e 
schriinkt diese aber sind wieder ziemlich gleiehmaliig uber die 
ganzeAlpengronze verteilt und sie reicben bis in bedeutende 
Ilohen, bis in die Nal.e des Zentraikammes. 
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,/ir bilden nun fur die einzelnen Bezirke ^uotienten, in deren 
Zahlcr die jiihrlich beobachtetcn ilitzschluge und in deren Nen- 
ner die Zahl der beobachteten Objekte steht.ua dieser Bruch sehr 
klein ist, so wird er ruit 10.000 multipliziert. Gr gibt also die 
Zahl der Blitzschliige pro 10.000 Objekte an. Nun soil aber noch 
die topographische und meteoroiogiscne Componente ausgeschieden 
werden. Uer Ginflub der uohenlage wurde genau untersucht;er ist 
kaum nachweisbar und iiberdies nicht systeraatischer Natur. Oie 
meteorologische nomjionente wurde in der loise beriicksichtigt, 
dab auf die Zahl der jiihrlichen Gewittertage, die in deiu betref- 
fenden bezirk beobachtet wurden, bezogen wurde. Es bleibt also 
nur die durch die geophysikalische iiodenbeschaffenheit bedingte 
Komponente iibrig. 

Gestatten die mir nun, uab ich das Grgebnis dieser langjahrigen 
Statistik vom Standpunkt der Geoelektrik aus kurz bespreche: 

die sehen im Bilde eine Tabelle, in der fiir das ganze dtaatsge- 
biet die besprochene, auf 10.000 Objekte bezogene Zifl'er, 

aild 1. Angabe von fiir die geologischen Zonen 

wir wollen sie Gefulirdungsziffer nennen, angegeben ist. oas 
dtaatsgebiet wurde zu diesera Zweck in l’eilgebiete zergliedert, 
die geologisch einheitlich beschrieben werden kdnncn. Man sieht, 
dab die Gefahrdungszil'fcr fiir die alten geologisclien rormationen, 
besonders fiir die archaische "dbhinische Masse" weit hSher ist 
als fur die jungen Eorraationen. Man kann eine zienilich gleich- 
miibige Zunahme der Gelahrdungszifler mit deu geologischen Alter 
feststellen. uiese Verteilung wurde von mir vor ungeiahr 20 Jah- 
ren aucii beobachtet, als ich fur das Land oachsen die Blitzsta- 
tistik von Lehmann und ochneider ausgewertet habe. Auch damals 
waren die alten Gorinationen durch eine besonders hohe Blitzge- 
l'ahrdung ausgezeichnet. 

uiese fatsache ist nun keineswegs leicht zu erklaren. Eine Ar- 
beitshypothese, die jetzt untersucht wird, werden wir noch be- 

sprechen. 
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• a.»a ps eti"' begrenzte Zonen, deren 

ai. Statistik aei.it aber auch, dad as tn„ ne b 

dlitzgefuhrdung wait uber Jener der U-seba,, S *»•«». bi"t. It 
,, , 3^4 au t cine kleine Gemeiadc Absroth in aord o e 

be bereits 19e4 auf ^ ^ ^ ^ Angaileil von a . a cbwirtlich 

hingewies * .... so groii ist wie jene 

berecbnete dlitzgeibbrnuns A a 3 .«rtan g der 

tisterreichische^Statistik durch rirucKmann Hat nun zwei w' .tere 

o— - ~ -''-;^d^irr:a:r:: ta rr 

nrteehaft von 150 Huasorn hat der diltz in 

urtschait vo die 258 Hiaser hat. a«bli-al. Die 

rrc»cr h 1 arrgn « III Q 6 T dOUvlvl* ) 

0 escni o * f v. zwolfuial so hoch wie jene 

.ntzgefdhrdungerilier lat -n b e ahr ^ ^nn 

ripr Um^ebune. Onter nnnaiune exit- .. ,,. nQ 

die iahrscheinlichkeit fur aiese balden Ereignissa «t 0.00009 
. 0 U(J5 sowie die Jahrscheiniicbkeit dafur, dad iwei 

: °^Tu^ - mit 

0,0019 berechnet. Man kann also van dlitznestern aprachen. 

, aiitznest babe ieh aaf Grand der Ansaben des l-orst- 

ain welteres dlitznest bane hen (s iB nachsten 

r" —- - 

2. dild. Jlitznest_bei_liad Aus&ec 
in den'letztendahrcn baebaentet .urden. VergleicUt -an diase 
Beobachtungen -it der dtatiatik, so arkaunt ^ . 

dereicbe das blitznestas antialIan J. 

Jahr auf den .luadratKilometer, fur das i>cznks D c 
J ! , . * •.inschlagen pro ..uadratkilometer rechnen. die 

mit O,o bis 0,5 P 4(j b . s ^ , ial so hoch wie 

Gefabrdung des ulitznestcs 
jene ucr Umgeuung. 

lcl , baba dieses oabiet aach geeelektriscb antersueban lassen 
and teige Ibnen das orseenis i- naebstan Olid. 

o. and. Geoaiektri 2 e 22 . 0 ntersuenan 6 _aad, 2 ussee 

- ,!.,«= mit e'ner Auslegung vou 2xZo m 

Oas geoeiektrisehe i ro ^ ^ ^ ^ -ip iiirl ub , r teictoni- 

~ u,, ° 
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an seinen Grenzen Sind Widurstuiiusmiiii.au ausgeprdgt. AuUerhalb 
dieser Zone steigt dor spezifischc Widurstaud zu beiden Seiten 
auf .;erte von ungelahr 2A0 Olm ra, die in dieser Gegend als nor¬ 
mal zu bezeichnen sind. 

2s handelt sich also urn eine ausgepragte geoelektrische Dis- 
kontinuitat. 

Neben statistischen Untcrsuchuugen steht die Auswertung von 
tt.odellversuchen. .;enn ich derun Zrgebuis bespreche, so darf 
ich eine U emerkung voruusscliicwen: Ms ist vollko,.men klar, ua!i 
uer Model lversucli niemals die natdrlichen Verhaltnisse rekon- 
struieren kann, er wird stets nur hinweise geacn konnen. Diese 
aber sind wertvoll, wenn man bedenkt, dali z.D. in Osterreich 
nach den Gesetzen der Wahrscheinlichkeitsrechnung ianerhalb 
eines Zeitraumes von 20 Jahren erst jedes V9.00o Haus dreinial 
vom Blitz getroffen wird. ftollte man also diese Fragen nur aus 
Naturbeobachtungen heraus kluren, so rnunten Jahrzehnte vergehen, 
ehe man die ersten Ilimveise 1‘ur die 3ehandiung aes Problems er- 
hielte. oagegen gestattet der Modellversuch eine oelieoig groue 
Zahl von Beobachtungen unter oedingungen, die man ebenfalls be- 
liebig wahlen kann. -..an ivird daher auf den Modellversuch nicht 
verzichten, sondern seine Mrgebnisse sinnvoil mit den Naturbe- 
obachtungen verbinden. 

Mit Schlagweiten von weniger als einem Meter haben u.a. d.Norinder 
Und O.dalka in Uppsala gearbeitet. 2in j.ieiiergeonis zeigt das 
nachste Mild. Das vordringende i^ntladungshaupt wird dadurch 
eine dpitzenelektrode ersetzt, die in der iuitte uber einer mit 
_Modellyersuch von NORINUliR u. oaLKA 

oand bedeckten ivietallscheibe hiingt. in dieser cricennen wir links 
eine gutleitendc itinlagerung. Hir sehen, daii die 2ntladung zura 
grdiiten i’eil nach diesen ginlagerungcn hin abgelenkt wird. Nur 
wenige feilentladungen gieiten nach den Punktcn a und C hin ab. 
Gegen diese Versuche wurde eingcweuuet, dali in der Matur Zinla- 
gerungen von der Art, wie sie Norinder und Galka verwendet haben, 
niclit vorkomraen. Ich habe daher diese Versucite im Hochspannungs— 
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feid der i'echnischen Universitut Dresden wiederholt unu uabei 
naturiicne geologische Leiter - band, bumus und stark ungefeucn- 
teten Lehm . verwenuet. Auberdem babe icn mit .mitladungen bis 
zu 2 in Lange gearbeitet. win utebergcbnis schen oie iin nacnsten 
dild. uie wntlaaungseiektrode wurde bei A...D...0...u...Z ange- 
_Versuche_in jresuen 

ordnet. Im oberen diid sieht man die verteilung der wiiiscniage 
uber einen gewachscnen doden, in dein gutleitender Lehm eingeia- 
gert ist. aie moisten winschlage sind uber der gutieitcuucu Zone 
konzentriert. im unteren iciiuiiu ist uer umgekehrtc .'all durge- 
stelit. aie sclilechtleitcndc Zone ist aus ziemiicb trockenem 
oand gebildet. in ilir ist nur ein ii.iuscitj.ag zu vcrzeichnen. Da— 
gegen sind diese an der Jiskontinuitutsfluche konzentriert. Im 
nachsten 3ild sind alie wrgebnisse miteinander vergliehen. 
6 1 _dild i _Vcrsucheinarcsden 

Die Maxima und Minima sind besonders iiber der gutieitendun ^in- 
lagerung, bei positiver Spitze viel starker ausgeprugt uls bei 
negative!-. 

das ilrgebnis mciner Untcrsuchuiigcn deckt sicli also gut mit je- 
nera der Versuche von Norinder und balka. Auf der Hochscliulc fur 
wlektrotechnik in Iimenau hat ii. Gopalan i..odelimessungen ge- 
macht, bei denen der Untergrund durch ein Jystem Ulunscher .<i- 
derstiinde ersetzt wurde. Jie Zritladungsliinge war ieidcr nur ge- 
ring, niimlich -14 cm. 

Als Ueispiei mbchle ich die Analyse des itieGergcbnisscs zeigen, 
das Gopaian in i’ufci 14 seiner Dissertation bringt. Niau sieht, 
7 i _Jild i _VersuchevonduP^LAg 

daB iiber der Diskontinuitiitssteile ein bedeutender Anstieg der 
Linschlage zu beobachten ist. Die Verteilungskurve zeigt iiber 
der rechten Jiskontinuitatsstelle einen viermal so hohen nert 
wie iiber der linkeu. Das .Viderstandsverhiiltnis ist rechts: 1:20, 
links aber nur 1:4. 


Im Zusammenhang damit sind aucli Zxperimente intercssant die 
h. mummer auf der Hochschule fur Glcktrotechnik in Iimenau ge- 
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macht hat. Von diesen will ich zwei .iilder zeigcn. Summer hat 
uo>i Verlauf der untladung in feuchtem aand untersuclit, also die 
so S . alitzrdhren. Im niichsten Uild ist dor verlauf ciner dlitz- 
rdhre in einem homogenen dandboden dargcstellt. oie verlauft von 

a. Jild. uiitzrohro_nach_iJU»inier 


der e.inschlagstolle ziemlich geradiinig und ungefdhr senkrecht 
zur uberflache in der dichtung zum drundwasser. Im nachsten 
dildo sehen wir don Verlauf in einem inhouiogonen Untergrund. 
der Sand hat wieder einen spezifischen ,ider.stund von ungefahr 
b. dild. dlitzrohre_nach_duimner 


100 Ohm m. Zu beiden oeiten sind aber gutleitcnde ^inlagerungen 
mit spezifischen .liuerstunden von 4 und Id Ohm m angeordnet. 

In diesem b’alle teilt sich die -ntladung nuch beiden iichtun- 
S en hin und steuert die gutleitenden Zonen an. Jiese Untersu- 
chungen zeigen somit einen ahnlichen Verlauf der Zntladungsbahn 
wie er in der Lult, nahe der -rdoberflache, beobachtet *orden 

ist. 


schnitte ormitceit werUcu. 


ich babe nun u.cb die Oor.it. besprochcoc ostorroicbUch. ->ta- 
tistik in dieser -iichtu..* analysiert. ..as i.sterreichische dun- 
Approved for C06461858 _ 


;ir wollen nun darait die in der Nutur beobachteten „r S ebnissc 
vergleichen. nie doobuchtuns von iilitxsciilusen in -.nergielel- 
tuugen bat vcrschiod.no ,uivo.cn k,i vcrachicdc.cn iirkenntuisseu 
-citthTt. d. Lehmann, der volii Utter die uitustc atatistib dicacr 
°rt veriest - Sic ist 5b Jahrc alt - kc.a»t *u do* uesultat, dud 

Utter gooelektriscl.o.i .iiskontiuuiti.tako.ien mebr ..inachluso ku 
vc.kcicl.ncn sinu uls uber geoolektriac. ncuugcnc. ..one nnuere 
.utorcu kout.cn ku eut<ea«. S «set*teb .esuicutcu. uiesc Vurscttio- 
Ovoheit der srgettaisse kiinntc otter physikolisch durclvaus verstan- 
den werden, wenn ...on bedenkt, uu„ die ciukcincn -utoren gunk ver- 
schicucu. Leituusett unUrauent batten, "uulich seiche uber hurio- 
..•ccn und inl.otio S e..eu Unlcr,.rund. .ui-urdcn seine .uun bci cine... 
kritiacl.cn Vcrglcich nor seiche dtutiatiken berucbsichtljttn, die 
aieh uber aiadcst 5 - 10 Jnbrc cratrccko. .iei kilrkcrcn ..curcihcn 
ist die jtreuung ku gruu unu ca kiim.cn kaua uraucbbarc uurch- 
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desgebiet ist init eincm Wctz von ungeiuhr lelMC geoelektrischen 
dondierungen iiberzogen, so dab man die geoelektriscnen Mgen- 
schaften der einzelnen beuieto einigcrma.Sen beschreioen kann. 
Zunachst kann man zcigen, dab die geoeiektrische ..omogenitut 
dor jiingoren geologisclien rormationen im ailgemeinen grower ist 
uis jene der alien. Jie uereits gezeigte iabelie ivurdc dann lch- 
ren, dab die olitzgelulirdung mit zunehrneuucr uomogenitdt ihimt, 
was auch mit dem orgcanis der besprochcnen Lodeilversucho iiber- 
einstimi.it. leh habe nun we iter in Csterreich zwei bebiete von 
ungeluhr aU.OUO Ubjekten ausgewalilt, von denen das eine geoelck- 
trisch ziemlich homogen, uas andere selir inhomogen ist. jie ota- 
tistik zeigt nun, dab in der geoelextrisch inhomogenen <jone 8b ,j 
der dezirke mit extrem hoher befiilirdungszilier (mehr ais i_,o) 
liegen. die sturxere liefahruung ues inhomogenen bebietes ist 
also oilensichtlich. Zur ^rklarung wird jetzt eine Arbeitshy- 
pothese untersucht. Im homogenen Gcoiet ist racist auch die 
jrundwasserverteilung eine hoiiiugciie. uandwirtschartlicne ui- 
jekte sind daher nicl.t an bestimmtc Zonon gebunden, an denen 
iusser voriianuen ist. Jm ulten, geoelektrisch inhumugeucm oe- 
birge aber ist «asser nur aus einzelnen machtigen wnsserluhreu- 
den opalten zu gewinnen. jie iundwirtscliaftliclicn Ubjekte vcr- 
den daher meist in dereri umnittelburen Mho angeoronet, da ja 
iriiher liir den otandort einer Landwirtsciiai't die lubglichkeit, 
•<asser zu gewinnen, von greater bcdcutung war. aarnit riic<i.en 
aber alle diese CbjeKte aucn in cue Mine von ^.unen lioher Mitz- 
gel'aiiruung. 


wean ich damit meine Ausi'iihrungen, die kcines.vcgs voiistanaig 
sind, abschlie.ie, so wiirde ich mien winciich l'reuen, v/enn mein 
tfortrag dazu beigetra 0 en hatte, .jie zu Vergleicnen anzuregen, 
die die vielleicht ihren eigenen statistiscueu Untersucaungen 
entnehmen kdnnen. ueraue auf diesem bebiete ist cine interna¬ 
tional Zusamiaenarbeit not.vendig, uenn uie i-robleme liegen nicht 
einfach. ~s ware vieileicht eine uankbare Auigabe aieser *.oni'e- 
renz, eine einheitliene statistisene oriassung Uer oiitzsenlage 
anzustreben. 
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Charge Generation in Thunderstorms 


J. Alan Chalmers 
Durham University, England 
1. Introduction 

I think I must first apologize for intruding into this discussion 
when I have no theory of my own to put forward; if what I have to say is 
more critical of the theories that have been discussed, rather than con¬ 
structive suggestions of alternative theories, my excuse may be that it is 
difficult to formulate a new theory before we know what is wrong with the 


old ones. 


2. Requirements of Theory 


Mason has given a number of facts which must be explained by a 
satisfactory theory of thunderstorm electrifieiiLion. However there seems 
to be one case where his remarks can be improved upon, und other require¬ 
ments which can be added to his list. 

Mason gives the requirement of generating current at the rate of about 
1 amp. But this is the requirement, just to provide the lightning flashes 
of an average storm, and to this must he added the charges which are used 
in the point-discharge current below a cloud, and the charges used in 
dissipating currents within the cloud. It is probable that a total 
generating current of 3-5 amp is a better estimate, with about 1 amp 
external current outside the cloud, including lightning flashes to ground, 
and 2-4 amp average internal dissipating current, including lightning 
flashes within the cloud. Wormell's (1953) results show that, after a 
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flash, the potential gradient due to the cloud returns towards Its previous 
value approximately exponentially, and this indicates the building-up of a 
dissipating current. 

Mason’s figures refer to an average storm, but there are storms which 
are much more violent than the average, and if Mason’6 theory, or any other, 
is to be considered satisfactory, it must be able to account for the 
electrical phenomena in these. Vonnegut and Moore (1958) quote cases 
where there are 10-20 lightning flashes per second, as compared with 
Macon’s figure of 1 in 20 seconds. Thus the lightning current must be 
100 amp or more and the charge being separated of the order of 10^ C. The 
question then is whether this remains within the bounds of possibility, or 
whether come theory is required in which the relative motion of chargee of 
different signs is not limited to that provided by gravitiation. 

In nimbo-stratus clouds, the total separation of charge is approximately 

measured by the precipitation current at the ground. This seldom reaches a 

value of more than 10”'*'® arap/m^, so that for an area of 10 km^, corresponding 

to that of a thundercloud, the current is only about 10“3 amp, i.e. less than 

3 

tliat of the thunder cloud by a factor of over 10 . An acceptable theory of 
thunderstorm electricity must be able to explain how it is that the process 
concerned gives so much smaller electrical effects in the nimbo-stratus than 
in the cumulo-nimbus clouds, although, for example, the amounts of precipita¬ 
tion show much less difference. 

It has been pointed out several times by Vonnegut and others that the' 
current carried down by precipitation in the thunder cloud is never more than 
a small fraction of the charge separation, though most theories consider 
precipitation to be the mechanism by which charge is separated. Even measure- 
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merits within the cloud at, the Zugspitze (Kuettner, 1950 ) show that precipita¬ 
tion does not carry much charge. It ic thereTore necessary for a theory 
involving precipitation to be able to explain how the charge leaves the 
TDreci-oitation and becomes attached to cloud droplets. 

Information available at present suggests that the external current, 
above and below the cloud, is probably less than the current of charge 
separation within the cloud and this leads to the conclusion (see Chalmers, 
19fl) that the source of the charging current must be within the cloud and 
not, as in Vonnegut's theory, outside. 

3 . Discussion of Mason's Theory 

While Mason's theory" appears to give an adequate explanation of the 
c harges in a noimal thunderstorm, it has yet to lie shown whether it is able 
to account for very violent storms and whether it can explain why the nimbo- 
stratus cloud gives so much less charge generation. And the question of the 
transfer of the charge to the cloud droplets from the precipitation has not 
been discussed in detail though there may be an answer in the splashing that 
occurs at temperatures close to 0 °C. 

The measurements of Latham and Mason ( 1 96Lb) on the production of 
charge and of splinters showed good agreement with their theory considering 
the average charge per drop. But the measurements of Mason and Maybank 
(i960) and the more recent measurements of Evans and Hutchinson (1963) have 
shown that some individual drops on freezing give much greater charges than the 
average und, in fact, give charges which are quite considerably greater than 
could' be provided by the mechanism suggested by Latham and Mason (1961b). 

This forms a serious difficulty for their theory. 
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It seems sui-prising that Latham and Mason concerned themselves with 
electrical effects of temperature differences in ice, corresponding to the 
Thomson effect in metals and did not consider electrical effects at the 
surface of melting, corresponding to the peltier effect in metals. This is 
the more surprising when it is remembered that Workman and Reynolds (1950) 
have found very large electrical effects on freezing, even though, as Brook 
points ou*, they themselves no longer consider this as the main agency of 
charge separation in clouds. 

Latham and Mason found that their theory of electrical effects in ice 
at different temperatures was adequate to account for the ice-impact results, 
when there was no water present; they then applied the same theory to riming 
phenomena, neglecting the ice-water boundary, and found it would give enough 
charge for a thunderstorm. But surely the ice-water boundary cannot be 
neglected and there is very likely to be preferential movement of ions across 
this boundary. It may be added thut the total "freezing potential measured 
by Workman and Reynolds (1950) involves not only the ice-water interface but 
also the metal-water and metal-ice interfaces. 

1+. Discussion of Workman-Reynolds Theories 

There is at present a very serious discrepancy between the experimental 
results for the amounts of charge separated on ice impact, the results in 
New Mexico (Reynolds, Brook and Gourley, 1957) giving values greater by a 
factor of 105 than those in England (Latham and Mason 196la, Hutchinson, I960; 
Evans and Hutchinson, 19^3)* It is to be hoped that each side will attempt to 
repeat the experiments carried out on the other side. 

The remarks made in regard to Mason*s theoiy in respect of violent storms, 
of nimbo-stratus clouds and of the transfer of the charge to the cloud droplets 
apply also to these theories. 
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5 • Discussion of* Vonnegut's 'Theory 

Some of the main arguments put forward for Vonnegut's theory seem to 
he more arguments against the theories that involve precipitation and ice. 

While Vonnegut's theory could more easily satisfy some of the conditions 
stated, such as those of the very violent storms, of the nimbo-stratus clouds 
and of the absence of much charge on precipitation, there still seem to be 

very serious difficulties in the iheory. 

It is difficult to visuaJj.se how it is that when negative charge has 
reached the base of the cloud in the down-draught, and there attracts 
positive charge produced by point discharge, it is the positive, rather 
than the negative charge which gets into the up-draught. Similarly, how 
is it that, when positive charge gets to the top of the cloud, it is not 
this charge out negative from above which gets into the down-draught? No 
answer can be eomteinplai ed in terms of the attachment of the charges to 
cloud iroplets or precipitation pur tides- since this would again lead to 
differential motion under gravitation and a return of the problems that 
the theory is trying to avoid. 

A iso '/onnegul. 1 :s iheory is in opens i t ion to the results discussed above 

regarding internal and external currents. 

o. Warm Thunderstorms 

It seems that, the question of warm thunderstorms is a very vital one. 

Tf it can be confirmed that these do exist and do give the same separation 
of charge as normal thunderstorms, 'hen this does seem to give a serious 
blow to those theories that involve ice as a necessary agent in the generation 
of thunderstorm charge. IT, however, it should turn out that the polarity of 
a warm thunderstorm is opposite to that, of the normal thunderstorm, this 
miaht be explained as due to the same process as is normally concerned in 
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the pteduction of the lower positive charge, but. acting with sufficient 


effect to produce lightning. 


7. Conclusions 


While there may be substance in some of the arguments against 
precipitation being the mechanism by which charge is separated in clouds, 
it does not- seem that Vonnegut-'s theory is wholly satisfactory and up to 
the present there has been jig o'her reasonable alternative, and we are left 
with a choice of theories, none of wtiich appears quite satisfactory. 

Whut appeurs to be required is a theory which might, involve ice, but 
in which the separation in spuce is achieved not by gravitiation but by some 
other agency. As a tentative suggestion, could there be some sort of 
centrifugal action in the main up-draught, where the electrification process 
occurs, flinging the heavier, negatively charged particles out of the up¬ 
draught while retaining the smaller positively charges particles to move up¬ 
wards, gjvlng a speed of separation much greater than the differential speed 
under gravity, and hence requiring a smaller content of charge in the cloud. 
The postulation of the up-draught would expluin the absence of effects of 
such magnitude in the nimbo-stratus cloud, and allow of larger currents with 
very intense up-draughts. The effect need not be thought of as centrifugal 
action on a large scale, but rather as the throwing off sideways of the 
heavier particles by the turbulence that occurs in the up-draught. It does 
not seem that enough is yet known about t.he motion in the up-draught to be 
able to make any calculations to put this suggestion to t.he test. 
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RELATIONS BETWEEN LIGHTNING DISCHARGES AND DIFFERENT 
TYPES OF MUSICAL ATMOSPHERICS 


Harald Norinder 
University of Uppsala 


1. Introduction 

When observing atmospherics at very low and audible frequencies by 
the use of a special amplifier, different types of musical (tonal) quali¬ 
ty are heard. One type is classified as a usual whistler characterized 
by a steadily decreasing whistling tone from the upper limit of hearing 
and downwards with a frequency which falls first rapidly and then more 
slowly. Unusual musical atmospherics are characterized by irregular and 
shifting frequenoy variations. 

The first to detect usual whistlers with an amplification set was 
Barkhausen (l) in 1918, and he alleged that the whistlers had connections 
with meteorological phenomena on warm summer days. In 1930 oarkhausen (2) 
indicated lightning discharges as a source of whistlers. 

The first theoretical analysis of whistlers was made in 1925 by 
Eckersley (3). No information was presented of relations between light¬ 
ning flashes and whistlers, and in 19?P he and Chapman (4) co-ordinated 
whistlers with powerful heard atmospherics. Later, Eckersley (5) cites 
relations observod between visible nocturnal individual lightning flashes 
and whistlers. Early investigations of whistlers were also carried out by 
Burton and Boardman (6). In Storey's (7) well ss experimentally as theo¬ 
retically comprehensive work a connection is assumed between atmospherics 
from lightning discharges and whistlers caused by them. 

The theoretical investigations of whistlers stimulated extended ex¬ 
perimental observations and have obviously influenced the comprehensive 
observation program of whistlers carried out in North America during the 
International Geophysical Year (1957-58). The main objective of this pro¬ 
gram was to record whistlers on a number of synoptically situ&tea sta¬ 
tions in North America. Magnetic tape recorders were used and the record¬ 
ing periods were not less than two minutes each hour round the clock. 
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2. Motivation for whistler investigations in Sweden 

The 1 GY program did not include any particular investigations of 


lightning discharges which caused whistlers. Therefore it seemed to be 
of special value to start whistler investigations in Sweden. To some ex¬ 
tent they could be considered as a complement to the mentioned ICY pro¬ 
gram. The aim of the new project was to analyse the relations between and 
the variation features of those individual lightning discharges which 
caused whistlers. 

With its northern latitudes Sweden seemed to be well situated for 
whistler investigations. A special circumstance facilitated such a pro¬ 
ject. For the past few years a number of field stations outside Dppsala 
had been used and operated for simultaneous analysis of electromagnetic 
field variations of lightning discharges. Some of the results are given 
in the following publications (R-1l). 

A number of recording cathode-ray oscillographs and direction finders 
were at hand. Therefore the new investigation project only necessitated 
the construction of special whistler recorders. 

Results obtained in the project will in brief be presented here; 
details are given in a number of publications 


3• Observation station, equipment, method of observation and supervision 


In order to avoid man-made noise the whistler station was placed 


17 km east of 'JpvsaJa. The geomagnetic coordinates are £ 5B°4 ,A 107°0. 


The following instruments were used: 

(a) Whistler recording equipment, 

(b) CRO recorder for lightning discharges and sferics wave-forms, 

(c) GKO recorder of multiple lightning strokes, 

(d) direction finders of CRO type, 

(e) Sonagraph frequency analyser, 

(f) Harmonic frequency analyser. 

The observation of whistler activities was done continuously at the 
station during the summer months June-August. There was a special reason 
for the concentration of the work during these months. It is well-known 
that the general occurrence of whistler activity is lower in summer, but 
on the other hand, it is only during this season that it is really pos¬ 
sible in Sweden to observe thunderstorm activities at 3uch distances as 
are necessary for a correlation with whistler phenomena. 

During two seasons, 195B ana I960, the observation and supervision 
program was carried out during the day, in 1959 both night and day, and 
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2. Motivation for whistler investigations in Sweden 

The 1GY program did not include any particular investigations of 
lightning discharges which caused whistlers. Therefore it seemed to be 
of special value to start whistler investigations in Sweden. To some ex¬ 
tent they could be considered as a complement to the mentioned ICY pro¬ 
gram. The aim of the new project was to analyse the relations between and 
the variation features of those individual lightning discharges which 
caused whistlers. 

With its northern latitudes Sweden seemed to be well situated for 
whistler investigations. A special circumstance facilitated such a pro¬ 
ject. For the past few years a number of field stations outside Uppsala 
had been used and operated for simultaneous analysis of electromagnetic 
field variations of lightning discharges. Some of the results are given 
in the following publications (p-1l). 

A number of recording cathode-ray osoillographs and direction finders 
were at hand. Therefore the new investigation project only necessitated 
the construction of special whistler recorders. 

Results obtained in the project will in brief be presented here; 
details are given in a number of publications (l?-1P). 


3• Observation station, equipment, method of observation and supervision 

In order to avoid man-made noise the whistler station was placed 
17 km ea3t of Uppsala. The geomagnetic coordinates are 58°4 ,.A. 107°0. 
The following instruments were used: 

(a) Whistler recording equipment, 

(b) CRO recorder for lightning discharges and sferics wave-forms, 

(c) CKO recorder of multiple lightning strokes, 

(d) Direction finders of CRO type, 

(e) Sonagraph frequency analyser, 

(f) Harmonic frequency analyser. 

The observation of whistler activities was done continuously at the 
station during the summer months June-August. There was a special reason 
for the concentration of the work during these months. It is well-known 
that the general occurrence of whistler activity is lower in summer, but 
on the other hand, it is only during this season that it is really pos¬ 
sible in Sweden to observe thunderstorm activities at such distances as 
are necessary for a correlation with whistler phenomena. 

During two seasons, 1958 ana I960, the observation and supervision 
program was carried out during the day, in 1959 both night and day, and 
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in 1961 only at night. 

The supervision was carried out in such a way that the thunderstorm 
activities were observed for 10 minutes every half hour. Simultaneously 
the occurrence of whistler activity was checked and detailed notes of the 
situations were made. Such notes formed the basis for the comprehension 
of the development of whistler situations. 

When a whistler activity was ascertained, the observer either extend¬ 
ed the continual observation or, if the whistler intensity seemed high 
enough, started a full recording procedure. This meant that all the men¬ 
tioned apparatus were set into continual operation until the activity 
disappeared. In this way the following data were obtained: (l) the geo¬ 
graphical position of the occasional lightning discharges, (?) the wave¬ 
forms of the produced atmospherics, ( 3 ) multiple lightning strokes, their 
intervals and time sequences, and ( 4 ) tape recordings of whistlers. These 
data will obviously make possible a rather detailed analysis. 

4 * Observations of l ocal lightning paths producing whistlers 

At the very beginning of the whistler investigations in 1956 , an 1 
attempt was made to determine what direotion of lightning paths was fol¬ 
lowed by whistlers, e.g. if they were only linked to vertical lightning 
paths or to those in other directions. This was singly possible by simul¬ 
taneous local observations of lightning paths and whistlers. Earlier di¬ 
rect observations from other localities which might have answered this 
problem were not at hand. 

Comprehensive measurements of lightning discharges combined with 
daylight photographs of lightning paths during the thunderstorm season 
of 1956, when three field stations were simultaneously operating in the 
vicinity of the whistler station, did not result in any simultaneous ob¬ 
servations. On the other hand, in 1957, operations of the three stations 
resulted in the most comprehensive number of local thunderstorm and light¬ 
ning flashes ever obtained. More than 100 daylight photographs and 600 
cathode-ray oscillographic records were obtained. In spite of the great 
number of lightning discharges within the area in the numerous thunder¬ 
storms during the season, we succeeded only during a single day in con¬ 
firming that certain lightning discharges were accompanied by whistlers. 
This constitutes a glaring and permanent proof of how rare and hazardous 
the conditions must be for whistlers to develop within a thunderstorm 
area. There must, consequently, be special pre-requisite conditions in 
the thunder atmosphere and in the layers existing outside in space for a 
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lightning discharge to give rise to whistlers. 

The mentioned occasion during the 1957 thunderstorm season when two 
local thunderstorms were accompanied by whistlers occurred on August 6 , 
with the first thunderstorm between 15.07 and 15.57. In one case it was 
possible to obtain a daylight picture (see Fig. 1) of a vertical light¬ 
ning flash which according to simultaneous observations at the whistler 



Fig. 1 

Daylight photograph of vertioal 
whistler-producing lightning 
flash. 

station gave rise to a whistler. The distance from the station to the 
flash was 18 kilometres. The small distance of the stroke from one of the 
oscillographic recording stations allowed a calculation of the current in 
the path which reached a peak value of 7 kiloamperes. A second thunder¬ 
storm arrived at 19.15 on the same day. For half an hour the author was 
able to observe a number of typically vertical lightning paths which wore 
all followed by whistlers. Observations based on the author’s forty years' 
experience of studying lightning discharges characterized the thunderstorn 
observed as having an extraordinary and copious occurrence of vertical 
lightning strokes. Through the investigations of these two thunderstorms, 
it has accordingly been established that local vertical lightning paths 
generate whistlers. Oscillograms from the lightning stroke of Fig. 1 show 
to full evidence that negative charge was transported in the channel to 
the ground. The results obtained of the dominant role of vertical light¬ 
ning strokes is quite in agreement with the current-jet hypothesis of 
whistler generation by Hoffman ( 19 ). 
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5. Occurrence of whistlers 

It has been found that whistlers occur in groups during periods of 
time lasting up to several hours. Between these periods, whistlers are 
entirely absent. On going through the routine observations carried out 
every half hour no occasion occurred when the observer only heard isolat¬ 
ed whistlers. During these periods are observed either cases in which no 
whistlers at all occur, or else cases in which groups of whistlers occur. 
Such situations as are characterized by activity as regards whistlers 
have therefore been designated throughout as "whistler situations". A 
typical survey of a whistler situation during an observation period of 
46 days is exemplified in Fig. 2. 

-lnTTrnm rm n rm rn m 1 rrm i n rnrrrr 11 rm r i • 1 


Fig. 2. General survey of whistler situations. 

The following general conclusions can be drawn; 

(1) Whistlers occur in great numbers during shorter periods of time bet¬ 
ween which there is a total cessation - this may extend over hours, 
days, and, in isolated cases, even weeks. 

(2) Several whistler situations often occur on the same day or on conse¬ 
cutive days. 

(3) A oessation of whistler activity cannot be connected with a general 
cessation of thunder activity. 

Through the investigation of whistlers and their occurrence carried 
out as described above, it is confirmed that, in addition to lightning 
discharges, there are certain other required, locally manifested, geo¬ 
physical conditions which are necessary if whistlers are to be generated 
at all. 

6 . Synoptio direction-finder observations related to whistlers 


By the use of a direction finder in combination with records of 
whistlers, it is obviously possible to obtain and follow synoptical si- 
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tuations of whistler activities. It lias been found that a thunderstorm 
region looated in one direction can be accompanied by whistlers while 
another simultaneous thunderstorm located at the same or at other'dis¬ 
tances and in other directions may or may not produce whistlers simulta¬ 
neously. It is possible to illustrate such varying situations by the use 
of a graphic reproduction in which suitable circles provided with time 
and distance indications are used. Thunderstorms are marked in the sec¬ 
tors in such a way that no blackening represents no whistlers, half 
blackening an average number of whistlers, and full blackening a'high 
number. The graphical method is e.g. illustrated according to direotion 
finder observations of an interesting thunderstorm situation on 28 / 7/58 
reproduced in Fig. 3» Two marked thunderstorm oentres exist partly over 

44-U*P^&.i 



Fig. 3* Map with thunder¬ 
storm regions related to 
whistlers. 


north-east Sweden and partly over the Gulf of Finland. The development 
of whistlers in these two thunderstorms during the course of the day is 
apparent from the graphic survey of Fig. 4. In this, very weak whistlers 
may be noted from both the thunderstorms during the observation period 
of 13.00. At 13.30 weak whistlers started at the centre in Sweden, and 
stronger whistlers which were very marked for both centres during 14.DO- 
14.40 started at the centre in Finland. The whistlers' intensities de¬ 
creased for both centres at 15.00 and ceased after 15 . 30 . 

According to direction-finder observations three thunderstorm areas 
appeared on 7/9/59 (see Fig. 5 ), one situated in southern Sweden, one in 
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Fig. 4. Thunderstorm regions 
productive or non-productive 
of whistlers. 
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•°° V5 ^ U cd Fig. 6. 

Fig. S. J - ^ -- -I -7 . . . 

FIk. 5. Three simultaneous thunderstorms of which only one, oca e 
Finland, was followed by whistlers. 

Fig. 6. An extensive thunderstorm front in «£i c ^£“* lers wer ® P roduced 
6 and located only in the regions of the Ukraine. 

central Finland and on. in the Ukraine. The thunderstorm area in southern 
Sweden ... very intense but in spit, of that it yielded no whxatlere. ■ »- 
ly the arafe in Finland gave whistlers, whilst they failed to appear a 

all from the area in the Ukraine. „ ?0 / 7 /cg 

i particularly interesting .... occurred in tn. night of 19-20/7/59. 
la shown on the nap in Fig. 6, thera appeared a very ertenai.e then er¬ 
st.™ front which stretohed fro. nothern Oeman, through Poland and the 
Ukraine down to the Criuea. The deflection of the direction finder alter- 
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nated between 15°0 and up to 190°. The closest flashes which were accom¬ 
panied by the greatest, amplitudes , were located in northern Germany at a 
diatanoe of 600 km. These lightning discharges ware not followed by any 
whistlers. On the other hand, lightning discharges looated in areas in 
the Ukraine at ca. 1300-1700 km and with small field defleotions at the 
Uppsala station, yielded clear whistlers. 

Investigations carried out hitherto with the aid of direction find¬ 
ers cannot result in an accurate determination of the local positions 
within a thunderstorm area where lightning discharges accompanied by 
whistlers occur. This task is by no means easy but a solution is possible 
through the improvement of instrumental equipment. As follows from the 
foregoing, it is almost hopeless to draw conclusions by means of oscillo¬ 
graphic analysis of local lightning discharges. This depends in the first 
place on the hazardous occurrence of whistlers. Through the development 
of a special direction finder system for locating whistlers this problem 
will obviously be nearer a solution. 


7. Atmospherics producing whistlers 

As has already been pointed out, the activity of whistlers will be 
associated with a limited region in the thunderstorm. It is evident in 
this rospeot that not all lightning disoharges indicated by utmospherios 
give rise to whistlers. In this respect a manifest difference is found 
within different whistler situations. One day, for example, the number of 
observed atmospherics with subsequent whistlers amounted to 85 /£ of the 
total recorded atmospherics during an interval of 5 minutes. On other 
days the corresponding number may only amount to 10 % in spite of the 
fact that the lightning discharges emanated from the same area. 

It is of special interest to illustrate how the relation between 
atmospherics, with or without subsequent whistlers, changes if an inten¬ 
sive whistler situation appears. Such a typical situation developed on 
28/6/58 and lasted for two hours. On account of the high intensity level 
of whistlers that day continuous recording was started and allowed a per¬ 
centage distribution of atmospherics with or without subsequent whistlers 
during every 5-minute interval. The result is given in Fig. 7, where fill¬ 
ed piles represent atmospherics with subsequent whistlers and empty piles 
atmospherics without subsequent whistlers. The variability of occurrence 
of whistlers is rather striking. 

It is evident that employing the direction finding procedure in the 
study of lightning discharges simultaneously combined with accompanied 

whistlers is of greatest value if correlation is to be sh own between the 
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Fig. 7. Atmospherics productive of whistlers versus non-productive. 

two phenomena. In the first place the method of analysis can be carried 
out after the following principles: 

1. Comparison between the crest values of the electrio field force of the 
atmospherics. 

2. Comparison between the wave-forms of atmospherios. 

3. Investigation by harmonio analysis. 

8. Electric field variations of atmospherios in relation to whistlers 


When it is a question of a comparison between the crest values of 
the electric field foroe of atmospherics, whether followed by whistlers 
or not, the whistler situation reproduced in Fig. 7 is especially valu¬ 
able. It affords valuable material for comparison of the phases of deve¬ 
lopment following on each other in whistler situations. The field force 
strength values have been directly determined by measurements from the 
original oscillograms in such a way that the values represent the high¬ 
est amplitude difference between the two polarities. 

The measured field strength values are, for a whistler situation on 
28/6/58, graphically reproduced in Fig. 8, where a indicates the first 
period (79 observations) and b the second (119 observations). The field 
strength in volts/metre accompanied by whistlers is represented by fill¬ 
ed circles and that without whistlers by empty circles. During the first 
half-hour of the whistler situation about 30 % of all oscillographic re¬ 
cordings gave subsequent whistlers within the actual sector fixed by the 
direction finder. During a later period 85 $£ gave subsequent whiBtlers. 
There is in Fig. 8 a very clear tendenoy to be seen for the relation of 
the field strength values to whistlers. In the area of the lowest field 
strength values atmospherics are not accompanied by whistlers. In a 
central area of the scale, atmospherics occur with or without whistlers. 
At the higher values on the scale all atmospherics are accompanied by 
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Fig. 9. Electric field of 
atmospherics related to 
whistlers. 


Fig. 8. Electric field of atmospherics 
related to whistlers. 


Investigations on other whistler situations resulted in similar re¬ 
lations as obtained in Fig. 8. Another example of a characteristic situa¬ 
tion from 27/6/58 is given in Fig. 9. The predominant occurrence of atmos¬ 
pherics producing whistlers at the groups of higher field-force values 
might to some extent be related to intensified current variations in the 
whistler-generating lightning discharges as compared with those lacking 
whistlers. 

This indicates that the ionization in the channels when whistlers 
are produced has higher intensity values than in cases where no whistlers 
are produced. This fact is related to the typical preponderance of gene¬ 
rating whistlers which, as will be demonstrated later, is characteristic 
of multiple lightning strokes. Another circumstance is related to the de¬ 
pendence of the transmission coefficient of the ionosphere in the very 
low frequency band from 1 to 5 kc, dait (20, 21). As will be demonstrat¬ 
ed further on, the frequencies around 5 kc are characteristic of light¬ 
ning discharges followed by whistlers, and this must facilitate the 
entranoe of the sferic signal through the ionosphere. 
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9 , Wave-forma of atmospheri c 3 with or wit hout whistlers 

Evidently an attempt mu 3 t be mude to try to trace the character> at j c 
variational quality factor in the lightning discharge which forma the pre¬ 
requisite conditions for development of whistlers in a thunderstorm region. 
This problem will he treated by analysis of the oscillographic recordings 
of the atmospherics. During the 195* observation period nearly 700 oscil¬ 
lograms of atmospherics have been recorded from whistler situations. Due 
to the large number of oscillograms at hand, it appeared especially suit¬ 
able to divide up the plottable material by the use of the amplitude va¬ 
lues of the field strength in conjunction with Figs. 8-9* In doing so 
three characteristic groups of amplitude variations of oscillogruns from 
atmospherics were obtained: 

(1) Oscillograms of atmospherics not producing whistlers. 

(2) Oscillograms producing and not producing whistlers. 

(3) Osoillograma of only atmospherics which produced whistlers. 

As it is a question of comparison, the suitable group is the one 
which contains atmospherics both producing and not producing whistlers. 
According to Fig 9 there is 9 uch a group from a thunderstorm centre with 

bearing between 40° and 65°.and a mean distance cf 450-600 km. 

Within this observation area a 

V/fP • 

cS| 1 Jun« 27 195 a number of atmospherics not producing 

_I whistlers were received and are il- 

jl 2 o- 34"3<.* lustrated in Fig. 10. The oscillograms 

1 ^ show typically irregular variational 

forms, where particularly regular fre- 
02 j quencies are absent. Another very im— 

• 1 _ portant feature is that the atmosphe- 

i 20 * 0 "' 32 * rics have in common the fact that they 

! 1 if have been generated by single light- 

'° 3 ning strokes, which means one must 

reckon with high resistance in the 

t ». - lightning path. 

20*23” From our i nves tigations in other 

I I connections it has been found by sps- 

j 2 . cial oscillographic analysis (22) that 

j| lightning discharges without multiple 

20* 30” 36* channels, as comparod with multiple 

-02- 0 looops ones, occur only in 10 to 15 ^ of 


20* 34” 34* 


20" 43” 32* 




20* 30” 36* 


Fig. 10. Oscillograms of atmospherics not followed by whistlers. 
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lightning discharges. 


June 27 1958 
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Fig. 11. Oacillogrums of atmospherics followed by whistlers. 

In Fig. 11 a number of whistler-producing atmospherics from the ob¬ 
servation area arc i 1 lust.ruted. Except in the initial stages these atmos¬ 
pherics are characterized by such very regular variational forms that 
they can, without further consideration, be designated as wave-forms, 
where the frequencies iroot nearly correspond to 5 kilocycles or to bands 
nearest this frequency. 

The oscillograms reproduced in Fig. 11 are characterized by multiple 
discharges obtained by the method given in reference (ll). The time inter¬ 
vals between the multiple discharges are given in milliseconds. In an 
oscillogram not reproduced in Fig. 11, only one single discharge was ob¬ 
tained with the same characteristic variational forms as given in that 
figure. Moreover, it is not out of the question that sometimes multiple 
strokes occur which dc not appear in the recording because of their low 
amplitudes. 

Multiple discharges which occur very often in the lightning path 
presuppose increased ionisation over that produced by single discharges 
both in the path and in the spaces within the thunderstorm atmosphere 
from which the large quantities of electric charges transformed into the 
the lightning discharges are fed. The consequence on the whole must be a 
smaller resistance in the lightning path than in the oases where the burst 
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is characterized only by a single path. 

This marked difference explains why only high-energy sferics appear 
capable of generating sferics, a fact thoroughly discussed by Hoffman 
( 10 ). 

10. Harmonic analysis of atmospherics with and without whistlers 

In different connootiona, the necessary preponderance of frequencies 
around 5 ko has been mentioned as linked to the generation of whistlers. 
From this point of view it is obviously of special importance to compare 
the harmonic spectrum of lightning discharges followed by whistlers with 
that of discharges without whistlers. An indispensable condition for a 
comparison is that the lightning discharges occur during the same record¬ 
ing period and not very apart in time. This condition is very well ful¬ 
filled by an analysis of the oscillograms in Figs. 12-14. 
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Fig. 12. Harmonic analysis of atmospherics not follow¬ 
ed by whistlers, A, followed by whistlers, B. 

Results of the harmonic analysis in these figures, where A repre¬ 
sents oscillograms of atmospherics not. followed by whistlers, and B 
oscillograms of atmospherics followed by whistler 3 . The harmonic analysis 
shows a striking predominance of frequencies in the region 5 to 8 kc for 
atmospherics followed by whistlers. Similar results have been obtained 
for other oscillograms in the same scale region of the field force. From 
the comparative analysis it follows that lightning discharges are follow¬ 
ed by whistlers when the discharge contains a frequency distribution with¬ 
in the low frequency band as exemplified above. Evidently, a more exten— 
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13- Harmonic analysis of atmospherics not follow¬ 
ed by whistlers, A, followed by whistlers, B. 
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Fig. 14. Harmonic analysis of atmospherics not follow¬ 
ed by whistlers, A, followed by whistlers, B. 

sive comparative analysis is necessary, and such an analysis is already 
in preparation. A look at obtained frequency spectra of the extended com 
pari son confirms agreement with what has alreudy been shown in the above 
mentioned limited investigation. 
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11. Relatior.a between multiple lightning; discharges and multiple whistlers 

In the previous discussion it was remarked that a lightning only fol¬ 
lowed by a single discharge does not in general produce whistlers. From 
our observations only about 10-15 % of all lightning strokes consist of 
a single discharge in the path. The reverse is very often true of mul¬ 
tiple discharges in the path, and this difference is partially ascribed 
to the supposed higher ionisation in the paths of multiple discharges. 
Certainly it would be of special interest to examine more closely the 
occurrence of time differences of multiple whistlers passing in the same 
lightning channel. This is possible by frequency-time analysis using a 
suitable sound-spectrograph. For this purpose a Sonagraph of the Kay 
Electric Co design is especially well fitted. By the use of a narrow 
band filter and a heterodyne oscillator a record is obtained on a sensi¬ 
tized paper, a so-called sonagram. The frequency is given along the y- 
axis and the time along the x-axis. For multiple whistlers the time in¬ 
tervals are obtained on the 9onagram. The only inconvenience is certain 
time uncertainties in the records of the sonagrams. This explains the 
time differences in intervals obtained by another more exact method. 

An examination of the time intervals related to multiple whistlers 
can also in an exact way be obtained by simultaneous records on two ca¬ 
thode ray oscillographs (11, 22). The procedure allows a determination 
of the variational forms of successive discharges in the same channel 
here previously shown. It was also possible to obtain exactly, by cathode 
ray analysis, the time intervals between successive discharges in the 
channel. A comparative analysis of the time intervals of multiple whist¬ 
lers is therefore possible. 
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In Fig. 15 is reproduced a typical sonagram of a whistler emitted 
from a lightning discharge which gives no indication by the oaoillogram 
of more than one discharge having passed in the channel. 
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Fig. 17. Sonagram of 3 whistlers produced by multiple 
discharges in Fig. 16. Only 2 of the whist¬ 
lers definitely visible. 

An interesting case of a multiple-whistler situation is reproduced 
with oscillogram in Fig. 16 and with sonagram in Fig. 17. The differen¬ 
ces in milliseconds between the oseillographed intervals of the discharges 
and the intervals in the sonagrams are ascribed to the mentioned uncer¬ 
tainty in time of the Sonagraph. Noteworthy is the long time intervals 
between the two discharges as compared with the third. 

A contrary situation with more concentrated intervals are given in 
Figs. 19-19. The oscillogram shows 5 multiple discharges. Between two of 
them a very long time difference occurs as compared with the rest. A very 
dense accumulation of whistlers is shown in Fig. 20. This variation can 
be considered as a transition to the special variational type of condens¬ 
ed whistlers which is a typical transition to the form which has been 
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P if* . 18, Oacillogran of multiple lightning 
discharges with the first interval very 
long as compared with the following ones. 

374. 39 114 39 ms 
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Fig. 19. Sonagram of 5 whistlers produced by the mul¬ 
tiple discharges in Fig. 18 . 

called a swish shown in Fig. 21. 

The haphazard occurrence of whistlers in local thunderstorms has up 
to now prevented the observance either visually or hy daylight photographs 
o lightning strokes followed by whistlers in separate channels. Neverthe¬ 
less we have during two thunderstorm seasons (10, 2 3 ) samples of observa¬ 
tions which in several cases show locally separated lightning strokes 
where the first has initiated the following ones. All strokes were bound 
together within time periods not exceeding 2 seconds. The occurrence of 
such locally separated lightning strokes can be accepted as indirect evi¬ 
dence that whistlers from adjacent separate lightning strokes will follow 
■■■^■■■^■^■MnHHMBAoproved for 006461858^^ 









separate propagation ducts. This opinion is supported by daylight photo¬ 
graphs obtained in an earlier investigation (23). 
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Pig. 20. Sonagram of 5 whistlers. Oscillogram shows 
7 multiple discharges, 2 whistlers are missing. 





2 J -sx ” , 


0 05 

• 22 1A 32 

i_i_J_l. 


15sec. 

58 2 0 ms. 


Fig. 21. Sonagram of a swish caused by 7 lightning 
discharges in the same channel. 


12. Unusual musical atmospherics and their relations to lightning dis¬ 


charges 

In the foregoing, musical atmospherics of the usual whistler type 
have been discussed, different aural observations have shown that aside 
from usual whistlers other variational forms of musical atmospherics occur 
in great variety, a fact which becomes much mere evident when whistler 
time-variatiors are resolved by a sound spectrograph. When in the follow¬ 
ing "variational type of whistlers" is used, it is meant the frequency- 
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time variational type of musical whistlers obtained on sonagrams. Such 
unusual musioal whistlers have received several suggestive names more or 
less well defined. Some of the most frequent are tweeks , single or mul¬ 
tiple risers , hooks , constant frequency type, step type and combined types 
of some of the above mentioned. 

As far as is known it has up to now only been possible to find a cor¬ 
relation between lightning discharges and usual whistlers and between 
lightning discharges and tweeks. It has been found to be of special inte¬ 
rest to try to extend investigations of possible relations between light¬ 
ning discliarges and the quoted irregular variational types of unusual mu¬ 
sical atmospherics. 

In a publication (17) it was shown that several of the variational 
forms of musical atmospherics occur mainly in the day time. During the 
two thunderstorm seasons of 1958 and 1960 day-time observations of un¬ 
usual musical atmospherics were carried out at the whistler station and 
about 700 individual observations that could be used as a basis for a 
special analysis (18) were obtained. 

To this end during applied recording periods, continuous observations 
were carried out of the simultaneous occurrence of lightning discharges 
by means of the CKO direction finder and of musical atmospherics by the 
whistler-receiving set. Just as a whistler was taped, it was observed and 
noted if a correlation did or did not exist with a practically simulta¬ 
neously recorded lightning discharge on the direction finder. A similar 
method applied in more southern latitudes with a comparatively high thun¬ 
derstorm activity would no doubt lead to unreliable results. Because of 
the simultaneous occurrence of a considerable number of lightning dis¬ 
charges it would lead to some difficulties to correlate a musical atmos¬ 
pheric with an observed individual lightning discharge. Owing to the com¬ 
paratively low thunderstorm activity on the latitude of the station it 
was easy to determine the correlation. Occasionally it happened that a 
limited thunderstorm area could be used for observation of the correla¬ 
tion for a period of up to 1-2 hours. During such a situation aj.1 musical 
atmospherics without exception were found with correlation. In another 
limited thunderstorm situation not one of the musical atmospherics was 
observed as correlated. To some extent this difference can be explained 
in such a way that only a limited part of the thunderstorm ares bad ne¬ 
cessary conditions favourable for production of musical atmospherics. 

The explanation for the occurrence of similar variational types of 
correlated musical atmospherics versus not correlated ones will be dis¬ 
cussed later on. In the following examples of the variational types ob- 
--- *-d for FyN&e/O&StFffliQ 006461858^^^^^^^*^ 
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Fig. 2P. Multiple hook variational types, correlated. 


A nearly constant frequency variational type with or without corre¬ 
lation is reproduced in Figs. 29-30. A comparatively irregular variation¬ 
al type of frequency is reproduced in Figs. 31-32 with or without corre¬ 
lations. Multiple step variational types not correlated are given in 
Fig. 33, and in Figs. 34-35 single step variational types with or with¬ 
out correlation. Sometimes combinations of types were obtained, e.g. one 
or two risers preceding usual whistlers both correlated as exemplified 

in Fig3. 36-37* 
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Pig. 33. Kultiple stop varrational types, not correlated. 
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Fig. 36. Whistler of usual type preceded by one riser, correlated 
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Fig- 37. "histler of usual type preceded by two risers, correlated. 


13• Speci al remarks of variational forms of unusual musical atmospherics . 

The musical atmospherics of unusual types illustrated by Figs. 22-37 
show plainly the most shifting variational aspects and forms. Tho conclu¬ 
sion must be that within the thunderstorm utmosphere there exist, some ve¬ 
ry complicated, special modes of generation of unusual musical atmosphe¬ 
rics. A theoretical explanation of the phenomena will for this reason re¬ 
quire a more extended experimental analysis than has been obtained by the 
results presented here. It can only be confirmed that a theoretical treat¬ 
ment of the phenomena will be considerably more intricate compared with 
what was valid for musical atmospherics of tho usual type. 

It is especially striking that the analysed unusual musical atmos¬ 
pherics with or without correlation result in a consDicuou3 conformity 
in their characteristic variational forms. This showy that the unusual 
musical atmospherics originate from the same type of sources within tho 
thunderstorm atmosphere. Tne conclusion is near at hand that the non— 
correlated musical atmospherics are also caused by lightning discharges. 

The problem that non-correlated musical atmospherics have also been 
caused by lightning cischarges without having been recorded as correlat¬ 
ed has its explanation in the limitations of the equipment used with re¬ 
gard to distance sensitivity. For determination and recording of wave¬ 
forms have been used CKO recorders and for the determination of the dis¬ 
tances CKO direction finders. The acceptable distances for an accurate 
determination were estimated to be 2000 km at best. It seems quite ac¬ 
ceptable that musical atmospherics beyond that distance have sufficient 
propagation to reach the observation station and to be observed and re¬ 
corded there as not correlated. 

Another explanation of the existence of non-correlated musical at- 
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mospherics within the sensitivity limit of the station is possible. In a 
thunderstorm re G ion lightning discharges might occur producing musical 
atmospherics characterized by effective propagation qualities. On the 
other hand, in spite of their location within the sensitivity limit of 
the station, lightning discharges have sometimes insufficient propaga¬ 
tion effectivity to reach the station. This can veiy well explain why in 
special situations musical atmospherics have not been correlated. 


Summary 

A station for analysis of relations between lightning discharges 
and musical atmospherics of usual (whistler) and unusual variational 
forms has been operated for some years near Uppsala. 

Recording cathode-ray oscillographs were used for the analysis of 
the lightning discharges whose relations to musical atmospherics were 
investigated. Cathode-ray oscillographic direction finders placed at two 
stations with suitable distances between them made it possible to deter¬ 
mine the sources of the lightning discharges investigated. 

Through comparative harmonic analyses it was shown that lightning 
discharges producing musical atmospherics of the usual type - whistlers - 
were characterized by a preponderance of frequencies around 5-S ko. Mul “ 
tiple lightning discharges were found to be followed by multiple whist¬ 
lers. 

The recording method of the station allowed also of an investigation 
of correlations between lightning discharges and musical atmospherics of 
unusual and irregular variational forms. It was found that out of 700 
unusual musical atmospherics about 70 f. were correlated to lightning dis¬ 
charges and about 30 $ were not. The striking variational resemblance 
between correlated and non-corrolated short-time variational types of un¬ 
usual musical atmospherics indicated that the non-correlated variational 
types must also emanate from lightning discharges. 
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. '' ? . —~ ms of Fair Weather Electrici ty; Introducing iw .vw 
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by H. Israel , Aachen 


V .1? ' - Introduct Ion : • . 

15 6 taSk ° f OUr Conference to review our knowledge and to recom- 
: mend further investigations on the different branches of atmospheric 
electricity. 

When I try to do this for the field of the "Fair Weather Electricity 
( n FVE n ) I have the feeling that some of you may think: 

Why still fWE? This is overdone! Moreover the results 
in this field are so complex and so contradictory that 
it seems senseless to continue'. 

. . But as scientists, I believe we should hesitate to use such an argu¬ 

ment or to resign in view of difficulties. Besides there are quite dif¬ 
ferent opinions concerning this question. Therefore let us examine 
critically the today's situation of the FWE. 

The conception or 'NT uas the result or the old custom to consider 
onl, the rair eeather mines. These data seemed to be easier to explain 
than phenomena connected with disturbed heather. Today rather the oppo¬ 
site is true as he may see, e.g., when he look on the program or the pres- 
ent conference. 

The division of the atmospheric electricity in the two parts; namely, 
the FWE and the "Disturbed-Weather Electricity," was justified afterwards 
by the dynamic conception of the atmospheric electricity: We have to 
distinguish generation - that is the disturbed weather electricity, or 
more precisely, the thunderstorm electricity, where the charges are separ¬ 
ated - and con sumption - even the FWE, where the separated charges will be 
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neutralized. So the two parts are connected together very closely, having 
the same importance in the explanation of the whole picture. 

If ve look now on the fair weather electricity we first remember the 
fundamental discoveries of the last thirty years: We understand why we 
find everywhere and always an electrical field in the atmosphere charac¬ 
terized by typical periodical and nonperiodical variations. But these 
results emerge only if they are based on a large quantity of data, while 
fcr shorter scries of observations the average picture is disturbed more 
and more by local conditions and meteorological influences. In other words: 
we e ot a climatological picture only, based on statistical evaluation. 

However, this method is quite insufficient to relate, for instance, 
the atmospheric electric with the meteorological phenomena. Thus, in my 
opinion .investigation in this branch is rather underdone than overdone. 

LI. Modern Problems in FWE 

A. The Stratos p here 

Let us lock now on the modern problems in 1VE. As you know, it is 
one of the most difficult problems in this branch that frequently the 
results are ambiguous because, in general, there are worldwide influences 
superimposed on local effects - especially if we evaluate measurements 
near the ground. Therefore, we have to look first for suitable methods 
to separate the two districts of influences. 

This may be achieved when we try to separate the researches with 
respect to space: We have to distinguish at least two spheres of a quite 
different behavior, the troposphere and the stratosphere/mesosphere. 
Furthermore, we usually divide the troposphere in two regions, a .lower 
one which is characterized by the vertical turbulent connection, and an 
upper one which is governed generally by a horizontal movement of the air. 
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It- is evident that the processes and the problems we have to clear 
up are quite different in these three regions, from the meteorological 
point of view as well as from the electrical one: 

The elctric behavior of the stratosphere/mesosphere is governed 
essentially by worldwide steering effects of the main generator and by 
variations of the ionization according to the latitude effect of the 
cosmic radiation only. On the other hand, tropospheric variations of the 
atmospheric electrical behavior are controlled by the influence of the 
"austausch" on the aerosol conditions. 

Thus, I believe we can separate the "targets” of further researches 

in FWE in the two general groups of 

(1) stratospheric researches of the electric field and 
the conductivity and of 

(2) tropospheric results of the aerosol conditions, 
let me give some examples: 

If we look on the first group, i.e. the stratospheric problems, we 
need first systematic measurements of the total potential difference V 
between the surface of the earth and the ionosphere and of their variations 
in time. Results of this kind can be obtained only by measurements in 
higher altitudes and at places not or less effected by the "austausch"'. 

So we have there a special task for the aerologicul method of measurement 
as developed in the last time. 

Two ways seem to be successful: 

(a) Integration of field measurements by airplanes or radio¬ 
sondes ( O.H. Gish , 1944; J.F. Clark , 1956; J.H. Kraakevik , 
1958; H.J. Fischer , 1962 et al.) 

(b) Direct measurements of V and dV/dt in about 11 km altitude 
by airplanes or constant level balloons with radiosondes - 
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as proposed by H .W. Kas emir, 1950. 

Measurements of this kind promise a better insight into the mechanism 
of the worldwide atmospheric electrical circuit, i think there is no doubt 
that our basic hypothesis is correct, but up to now it is based only on 
mean results of a few polar expeditions and on those of the cruises of the 
Carnegie Institution. We are not able to control this in detail, e.g. to 
find out changes of the thunderstorm activity in different parts of the 
world - a target of special interest for the meteorology as well as for 
aviation. There are only first hints in this direction ( H. Israe l and 
E. Theunissen , 1957; H. Israel , 1957). 

The aerolog!cal researches may be aided, by continuous records of the 
atmospheric elements over the free oceans and at mountain tops. The first 
one could be done on the "weather ships" fixed now at different places of 
the oceans. Furthermore, I believe we should ask the permanent stations 
m the arctic and antarctic regions for atmospheric electrical records. 

Another urgent question concerns the conductivity in the stratosphere/ 
mesosphere. Hera we have only scarce results up to now. The conductivity 
was measured directly, e.g. by radiosondes, up to ubout 30 km (C.O. Sterglc, 
• Coror-iti , A. Nazarek, D. E. Kotas , D.W. Seymour , and J.v. Werme, 1955; 
R.. H. Woessner , W JE^ Cobb and R. Gunn , 1958). Furthermore the behavior of 
electro-magnetic waves in the higher atmosphere allows to measure the 
density of electrons or the conductivity respectively in the ionosphere, 
i.e. for altitudes above 80 km. In the interval between 30 and 80 km the 
conductivity values were computed (H. Israel and H.W, Kasem ir. 1949; 

— — Bourdeau ; gjC._Whipple, Jr^ and. J. F. Cla rk., 1959) and measured directly 
only once by a rocket sonde (R. E. Bourde au et al., 1959). 

This first experiment shows already a considerable discrepancy in both 
the computation and the measurement, especially for the region above 50 km 
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^refbre'n.ea^eBeirtB of this kind should be 
: . \ = ; -. - .Let us look'into some of the most important problems in this 

/ (a) In the region of 3 0 km to 70 km the electron concentration 

. • ■ ■ is influenced by the intensity of ionizing radiation, by the f|Jl 

recombination processes, and by electron detachment and 
attachment rates. To understand which of these quantities «§£ 

prevail in physical processes throughout r.bis region, it i s 
necessary to determine the chemical, molecular, and atomic 
;•••■ ' • components and their density, including their change with 

'V. altitude. 

In lQWer altitudes the conductivity of the atmospheres is |j||||§ 

|KSl^Sp^ termlned by the den8it * the small ions|^% ; 

, lonos P here the conductivity iB caused practically by free •••••:• 

- •: eleCtrons ' The tuition is to be expected in the region A 
. between 30 und 80 km of height. . ‘ 'V |||1|| 

(0) ' MOre kn ° vled S' « ‘Ms kind will 8 l,« , better understanding Iftlf 

• • • of the lower boundary of the ionosphere. 

Mil'y'M-' X M K al “ W1U ,Ield ” re “ f °‘“«on cn the Global currant ' • W^k 

y - v:: - ' «• «•».»«« -'mm 

such as the height distribution of the equalizing current, pRl 

latitude effects, field gradients in horizontal directions, 
perhaps daily variations, etc. 

.‘*v} 

( * > P1, “ Uy “ J f) ” a *« «“• ‘'Sion connections to geomagnetic . 

events, solar influences, aurora and similar phenomena. p|||j 

It i< true, measurements of this kind may be much mire difficult to ’ Iffll 

earry out than th. usual atmospheric electrical measurements; however, I |j§|f 

believe the adaptation of measuring equipment to rockets and satellites is Sp| 

a technical and not a principal problem. 
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A quite different picture of the electrical behavior we meet in the 
troposphere; we find a group of problems of another kind. 

To characterize the situation we may remember the opinion of Lord Kelvin 
100 years ago - that in the future the forecast of the weather would be done 
with the electrometer. This prediction, of course, was a too optimistical 
one; however, the essential point which provoked that statement is the same 
up to the time being: All meteorological events are accompanied by charac- 
teristical changes of the electric parameters. 

What we have to do is to explain these connections and to classify 
the electric variations. Maybe this is easier to say than to do because at 
the first sight the results up to now seem to give a chaotic picture. We 
remember, e.g., wide ranges of variation spectra of the different elements 
including fluctuations from the annual variations down to the so-called 
"noise," the different combinations of the "electrode effect" with the 
aerosol conditions, the radioactive influences, the movements of air masses, 

etc. Although we know many details in this field, it is hard to find an 
integral view up to now. 

This, I believe, is the reason why some people voiced the opinion it 
would be senseless to continue researches of this kind. Dut in my opinion 
we have here no more difficulties than in the field of meteorology in 
general. Therefore, rather we should examine our measuring methods if they 
are adequate for the problems arising here. 

As mentioned above in the troposphere we have to distinguish two regions 
of a quite different behavior, i.e. the "Exchange Layer" and the upper tro¬ 
posphere. In addition to this we have to separate a third region near the 
surface of the earth which is governed by the so-called "electrode effect." 
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The boundaries between these spheres are fluctuating according to the 
specific weather conditions, to the time of day, and to that of the season. 

1. The Electrode Effect 

The electrode effect is caused by the electric field in ionized 
air near the electrodes, i.e. here near the surface of the ground. Con¬ 
sidering the atmospheric condtions one can compute that this effect will 
be essential up to an altitude of one or at most a few meters. This alti¬ 
tude is smaller if the content of condensation nuclei in the air is greater 
(J. Scholz, 1931), and the effect is depending on the ionization conditions 
near the ground. They may limit it sometimes to the first decimeters above 
the ground ( A.R. Hogg , 1935; J.A. Chalmers , 19^6 et al.) 

Summarizing the results we find only a rough conception of this 
effect. Especially we miss researches of the meteorological influences. 
Therefore, I believe we have to see here a first important problem for our 
future researches. 

How will the electrode effect be influenced by the 
meteorological conditions, the radioactive conditions 
in the ground and in the air near the ground, the 
aerosol conditions etc? 

Moreover the region of the electrode effect is accessible easily for all 
measurements and recordings we need. This enables us to examine the 
meteorologic-electrical connections in a small range, so to speak. 

Of course, the usual measuring methods will be insufficient for 
researches of this kind. We have to measure at least the electrical field 
strength and the conductivity in small regions. Therefore, all kinds of 
disturbances should be avoided as much as possible as they occur due to the 
orographic situation, the installation or the working method, the equipment. 
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etc. It(is true, this will raise the claims for our measurements. However, 
I believe the problems we have to investigate in the region of the tropo¬ 
sphere require urgently a new effort in our work. 

2. The Exchange Layer 

In this region of the troposphere we meet in general quite 
similar problems as mentioned before. However, the researches are more 
difficult because this sphere is much more extended in both the horizontal 
and the vertical direction. Therefore, we have to combine measurements 
both near the ground and in the free atmosphere. 

Looking into these problems we have to find out above all the 
numerous influences of the "austausch" on the aerosol conditions. They 

gi- ve us the key to understand most of the meteorological electrical 
relations. 

The next step will be a systematical examination of the effect 
of air mass movements, considering their aerosol conditions, their content 
or radon, thoron, and decay products, maybe the content of fission products, 


Although the measuring methods are insufficient here, too, a lot 
of results came out already. I recall your attention, e.g., (l) to the 
explanation of the different types of diurnal variations of the electrical 
elements ( J.G. Brown , 1930, 1935; H. Isra el, 1948, 1950, 1952); (2) to the 
explanation of the so-called "sunrise effect" ( H.W. Kasemir , 1956); (3) to 
the researches of the so-called "brightness effect" ( G. Fries and H. Dolezalek , 
1956); (4) to the "noise" of atmospheric electrical elements ( H. Israel , 1958, 
!959); (5) to the steplike variations of the atmospheric electrical elements 
at the upper boundary of the exchange layer ( F. Rossmann , 1950; Callahan, 
Coroniti , et al., 1951) and to other ones. 
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However, these results yield with few exceptions, average values, 
describing the climatological behavior. This may be the reason why we miss 
a systematic picture of the connections between the weather and the atmos¬ 
pheric electricity up to now. Therefore, we have to look for a suitable 
extension of investigation. We shall see that here, too, the usual measur¬ 
ing customs must be changed. 

'Off-hand-solutions" and "ad-hoc-theories," as they are tried some¬ 
times, do not help us. They fail today as they failed in the days of F. Exner*. 

3* The Upper Troposphere 

The problems arising here may represent the last step in the new 
program for atmospheric electrical researches. 

Since the aerosol content in the air above the exchange layer in 


general is unimportant, (see, e.g. R.c. 


and G.A. Faucher . 1954, 1955) 


we can expect to be confronted in this region, first of all, with the influ¬ 
ences of air masses and their movements, with effects of variations of radio¬ 
activity, and with stratospheric influences. 

Researches in this region will be done with airplanes, gliders, 
radiosondes, and constant level balloons. Furthermore, it will be very help¬ 
ful to record the atmospheric electric parameters at mountain tops of suffi¬ 
cient altitude. 

First, results and important hints for future researches will be 
found, e.g., in the papers of F. Rossmann (1950); R.C. Callahan et al, (1951); 
--C. Sagalyn et al, (1954, 1955); C.G. Stergis et al. (1955); L. Koenigsfeld 
(1955, 1957, 1958); J.F. Clark (1956, 1958); J.H. Kraakevik (1958); K. Uchikawa 


*) so, e.g., the hypothesis of F.M. Exner (1886/1890) concerning a transport 
of charges by evaporation of water, which was refuted by H. Benndorf ( ** ) 
and P^Lenard (1944); a revival of this hypothesis by R. MShleisen (1958) 
rented by H. Israel and R. Knopp (1962; see also R. Knopp I961). 

) H. Benndorf conducted in 1897/1898 field investigations in Siberia, which 
demonstrated that the mechanism as suggested by Exner is not verified. 
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• (1961); G. Rftnicke ( 1963 ); and other ones. For observations on mountain 
tops see, e.g., the researches of R. Holzer et al. (1955) in California 
and Hawaii and of II. Israel et al. (1957) in the alps. 

III. The Measuring Methods 

The researches proposed above require changes and improvements of the 
measuring methods. 

First of all we have to look on the comparability of the results . 

For this the following demands must be fulfilled: 

(1) It is known that the so-called "Reduction on the Free Plane" 
involves a considerable uncertainty, because it is impossible 
to include the influence of the space charges. Therefore the 
necessity to reduce the observed values must be avoided. In 
other words, all measurements near the ground - especially 
those of the electric field - should be done on an open plane 
of sufficient size. The rules of H . Benr.dorf (1900, 1906 ) 

may be used for the critical examination what means "sufficient." 
This should be applied also to measurements in mountain regions 
where we have to look for planes of sufficient size (plateaus, 
glaciers, etc.). 

Of course by measurements with aircraft, radiosondes, etc., a 
computation fuctor concerning the geometrical forms is inevit¬ 
able. 

(2) Measuring techniques which disturb the natural conditions should 
be avoided as completely as possible. This concerns first of 
all the use of radioactive collectors for measurements near the 
ground. For airborne equipments the collector may be used pro¬ 
vided that the aspiration is sufficient. When using radiosondes 
it is important to consider the researches of G. Rttnlcke ( 1962 ) 
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concerning the mutual influences of the two radioactive 
collectors. 

(3) Different measuring equipments both for measurements near the 
ground and in the free atmosphere should be compared by simul¬ 
taneous application at the same place and over a longer period 
of time. 

(4) All researches should include simultaneous measurements of 
the three parameters of Ohm's law, i.e. the potential gradient 
(field strength), the conductivity (conductivities), and the 
air-earth current density. 

(5) To avoid misunderstandings concerning the ’'sign,” the remarks 
of H. Israel ( 1961 , 1963 ) may be mentioned. 

For synoptical researches as proposed by H. Israel (1954, 1955 , 1961 ) 
and included in part II, B,2 of this paper the following difficulty should 
be considered. 

( 6 ) Synoptical researches near the ground will be disturbed by 
the electrode effect which may be different at different sta¬ 
tions. In order to avoid this difficulty it was proposed by 
H. IsraBl ( 1962 ) to measure no more at the ground itself but 
in an altitude of at least two meters. If this proposition 
will be accepted the comparability may be improved. In this 
connection I like to refer to the researches of W.D. Crozicr 
( 1963 ). He tested a new method of field measurements which 
works with a minimum of disturbances. 

JV• Some Indications for Practical Applications 

Someone may ask for practical applications, if he thinks of the proposals 
given above for further investigation on Fair Weather Electricity, and the 
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expense connected with it. It io true, scientific work will not be criticized 
from this point of view; but, I believe we can answer questions of this kind 
also. Let me give some examples. 

(1) At first I like to mention here the method of M. Kawano (1958) 
to evaluate the "austausch" and its daily variation on the 
basis of atmospheric electrical measurements. Similar researches 
were done by W.B. Mllin (1951> 1953* 195*0• Researches of this 
kind will be very helpful for both climatological and meteor¬ 
ological purposes. 

(2) Some results concerning the ionizing effect of artificial 
radioactivity in the air (see e.g., D.L. Harris , 1955; E.T. 
Pierce , 1959; G. Kondo , 1959; K.H. Stewart , I960; A. Oster , 1963 
et al.) suggest the application of atmospheric electrical obser¬ 
vations for watching the fission product content in the air. 

( 3 ) Some years ago was discovered that the atmospheric electrical 
elements ondergo specific variations about 1 to 2 hours before 
the onset of fog and about l/2 to 1-1/2 hours before the dissipa¬ 
tion of fog (see e.g., H. Dolezalek , 1957; G.P. Serbu and E.M. 
Trent, 1958; L.H. Ruhnke , 1961 et al.) The application of this 
results to the forecast of fog and fog dissipation will be of 
special importance for the practical meteorological work 

( H. Dolezalek , 1962). 

(4) Other possibilities for the application of atmospheric electri¬ 
cal results to practical problems came out from the researches 
of A. Gockel (1915) and others, concerning the prediction of 
thunderstorms; the results of J. Scholz (1935 )> concerning the 
prediction of blizzards; and the observations of G. Rott (1963) 
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concerning connections between the behavior of the electrode 
effect and the weather development during the day. - In all 
cases the prediction arised from observations during Fair 
Weather many hours before the event in question. 
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ACTION OF RADIOACTIVITY AND OF POI1UTION UPON PARAMETERS 
OF ATMOSPHERIC EI.ECTRICITY 
by J. BRICARD 


ABSTRACT 


Placing ourselves at an altitude of several meters above the 
ground, in order to avoid the perturbations, we recall the charac¬ 
teristic-elements of radioactivity and of atmospheric pollution. 

It is shown that their actions are in the first case the formation 
of small ions, in the second case their disappearance and the 
formation of large ions. From that we deduce the ionic density of 
the air under given meteorological conditions, studying separately 
the ions, corresponding to the recoil atoms, which come from radio¬ 
active disintegrations in the troposphere and in the lower strato¬ 
sphere . 

Finally we introduce the relations between the radioactivity 
and the other parameters of the atmospheric electricity, close to 
the ground and In the free atmosphere. 

RADIOACTIVITY AND THE INTENSITY OF IONIZATION 
1* Intensity of Ionization . 

We call Intensity of Ionization (or q) the number of small 
ions of each sign (air molecules, having lost or attached an electron), 
created in one cubic centimeter of air per second. It is hence a 
fundamental parameter of the atmospheric electricity. Disregarding 
the action of cosmic rays, which produce continuously about two pairs 
of ions per cm? of air per second at the sea-level, we can practically 
say that at this altitude the natural radioactivity of the air is 
responsible for 80* of the intensity of ionization. 
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We call one Curie the quantity of a radio-element, producing 
3-7 X 10 10 of disintegrations per second. If we know the concentra¬ 
tion of a given element in the air, expressed in Curies, for instance, 
it is easy to deduce from it the corresponding intensity of ionization 
in the case of a disintegration producing Alpha-Rays. The calcula¬ 
tion is much more complicated and not always possible in the case 
of disintegration producing Beta- and Gamma-Rays (Section 1 3b). 

One Roentgen is the quantity of radiation, which per cm3 Q p a j_ r a t 
0 ° under the pressure of 1 atmosphere generates a quantity of elec¬ 
tricity of each sign equal to 1 esu or 2.08 X 10^ pairs of ions. 

In spite of its importance it does not seem that the 
measuring of q by the method of ionization chambers were satis¬ 
factory as a whole. (Difficulties in measuring the ionization of 
particles a because of the recombination in columns and the absorp¬ 
tion of radiations by the wall-effect. Necessity to introduce iri 
the ionization chamber not only air, but also the aerosoLds it 
contains, responsible for one part of the radioactivity a, and 
contributing by their charge to the saturation current. Absorp¬ 
tion of p and on the walls of the chamber, etc.) 

In spite of the.improvements proposed (very thin walls of a 
known absorption /_ ij *, double-cage chambers [_ \7J, we know 
but a few direct measurements of the intensity of total ionization. 

The instrument we applied for our calculations (double-cage) has 
not given so far sufficiently reliable results to allow us to use 
them at the present moment. 

Thus, we are generally limited to indirect estimates of q, 
at least as far as a are concerned, nade on the basis of the 
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content of radioactive products in the air and in the ground. 
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2- Intensity of Ionization Several Meters Above the Ground. 

We shall suppose that the total intensity of ionization is on 
the order of 10 pairs of ions per cn^ and second, 20 $ of which 
are of cosmic origin. It is then the production of 8 pairs of ions 
per cai^ per second that we attribute to the radioactivity of the 
air and of the ground. 

Tiie radioactivity of the ground is about 3.5 pl/(cm 3 sec); 
consequently the fraction of intensity of ionization, due to the 
radioactivity of the air, amounts to 4.6 pl/(cm3sec). These 

values are divided in the following groups, according to their origin 
(Hess J : 


Table I 

-Radioactive substances of the air: 


>• 4.4 pi/(crn^sec) 


0.15 

pi/( cm^sec) (lain 1.4 
(max. 13.5 


-Radioactive substances of the surface soil: 

P. 0.3 


y. 3;2 

3*5 pi/(cnrsec) 


(min 2 
(max. 6 


We see that in the case of radioactive substances of the air 
the radiation a plays the biggest role, while V is the most impor¬ 
tant in the case of radiation from the ground. 
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Above the oceans the total natural radioactivity is reduced 
to a few hundredths of its value above the ground. 

3* Intensity of Ionization in the Altitude. 
a * Radiation from the ground . 

We see (table I) that the natural radioactive radiation 
of the surface soil, almost exclusively of y> origin, plays an 
important role in the lower layers. The following table (isratt.) 
indicates its variation as a function of growing altitude. 

Table II 

Altitude above the ground lm 10m 100m 500m 1,000m 

i of radiation at the ground 9 % 83 ^ 33 ^ 2f, 0.1% 

We may suppose an exponential law of absorption of this radia¬ 
tion in function of the thickness of the air-layer traversed. Let 
the coefficient of absorption, supposed identical for all 
radiations. The intensity of location is proportional to the inten¬ 
sity of radiation in one given point. If we call q,,,' its value in 
the immediate vicinity of the ground, we shall have in the altitude 


1lZ « <1^ exp(-/< z). (1) 

The coefficient is in the order of 8 X 10" 3 m" 1 . 

b * Privates (Daughter-Products) of Radon and Thoron in 


suspension in the air. 


In the case of natural radioactivity the distribution of 
concentration of Tn and Rn (we neglect the presence of Actinon), 
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as veil us that of their derivatcs, is connected with the state of 

turbulency of the air. Taking a soil with average internal charac- 

(tc/e/y) 

teristics and a coefficient of turbulent'diffusion K , independent 
of the altitude, of 8 X 10^ cm^ sec , we find through calculations 


f ’ or Rn and Tn nrpiri concentrations at the ground level of 
158 X 10 and 174 X 10 ^ c/cm3, respectively. 

Difficulties arise, if we want to calculate the concentrations 
in various altitudes, due to the disintegration of the various 
daughter-products of Tn and Rn (it is necessary to know the state 
of equilibrium mother-daughter products), and due to the attachment 
of the daughter-products on the aerosols in the air, due to their 
coagulation and to their disappearance with time. 

On the other hand we liave to make a distinction between Rn and 
Tn. The first-one, whose half life-period is long (4 days), dis¬ 
integrates slowly as it raises higher, while Tn (lialf life-period 
10 sec.) and the ThA (period 0.2 Sec) disappear in the vicinity of 
the ground. Thus, in higher levels only ThB remains (half life-period 
10 h). In the altitude Z above the ground the concentrations of Rn 
and ThB in the atmosphere are given respectively by the relations: 

1 1 l 

C ■ Co exp (-Z A 2 K"2) ( 2 ) 

where Co represents the concentration of each on the ground level, 

^ "klie coefficient of turbulent diffusion, and ^ the radioactive 
decay constant, either of Radon or of ThB. 

To simplify the reasoning, let us suppose that there exists a 
radioactive balance at any altitude between Radon on one hand and 
ThB on the other, and their daughter-products. This, of course, is 

very approximative, for if there actually exists a radioactive balance 
between Rn and RaA (3t minutes period), it is not so for the other 
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daughter-products, at least next to the ground. This is shown in 
the studies on the decrease in function of time of disintegration 
products of Radon, captured in the form of ions or aerosols. This 
is generally the case for ThB and The.- With the simplification we 
see that every disintegration c, of Rn carries along simultaneously 
2 C (RaA, RaC), and z£ and 2^ (RaB, RaC), and that every disinte¬ 
gration £ and of ThB brings along simultaneously if and 1^ 

(The) and 10^ (ThC). 

In order to obtain the corresponding value of intensity of ion¬ 
ization, it is necessary to know the number of pairs of ions, produced 
by each kind of disintegration, and to calculate the total at every 
altitude. This number is well-known for the c l , which is monocinetic. 
It is poorly determined, however, for C and >' , whose spectra of 
distribution of energy we know little about at the present time. 

Table III represents the results, indicated by IsraBl, for a 
coefficient of turbulent diffusion K - 0 X 10 U cm 2 /sec and supposing 
a middle-value of 2 X 10 5 pairs of ions through disintegration X. 
and 2 X 10 4 pairs of ions through disintegration 0 and These 

values are supposed the same, independent of the source of radiation. 


Altitude km 


Table III 

0.1 0.5 l 


luTitT 10 ' 7,6 5-1 3 - 8 2 - 7 X - 5 °- 9 °-5 °-3 - ■ 

It will be noticed that the values, indicated for the vicinity 
of the ground do not concord perfectly with those of Table I. This 
is explained by the very approximative mode of calculation used. 

c • Lower Stratosphere 

Fig. 1 represents variations of intensity of total ionization 
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In function of the altitude. We see t.liat it begins by decreasing, 
passes through a minimum at about 3 km, increases again, and above 
several kilometers the effect of the radioactivity becomes negligible 
as compared to that of cosmic rays. The effect of cosmic rays, very 
weak in the vicinity of the ground, increases progressively with 
increasing altitude up to about 12 kilometers, passes a maximum and 
decreases then for the higher altitudes. 

In the lower stratosphere, between 10 and 20 km of altitude, 
we find RaD (period 22 years, source of <*• and V ) in very low 
quantities in the order of lO" 3 ^ c/cm 3 . We find, in addition, radio¬ 
active elements originating in the action of cosmic rays upon the 

molecules of the air (principally Ar). Among them are Be- and P , 

' 32 

which will be used later. The first one can also originate from 
atomic explosions. We find about 5 X lo" 19 local c/cm 3 of Be ? , and 
5 X 10 local c/cm 3 of P^ 2 * As in ‘the case of RaD, the resulting 
intensities of ionization are negligible as compared to the effects 
of cosmic rays. 

Artificial Radioactivity . 

With the exception of quite extraordinary conditions (vicinity 
of an nuclear station, or in the period after nuclear explosions £55 J) 
the average content of artificial products in the air is now 2 X 10~^ 
c/cm 3 of sources exclusively of 6 and '/ . This corresponds to inten¬ 
sities of ionization in the order of 3 X 10 " 3 pl/(cm 3 sec). In other 
words it is negligible as compared to natural radiation, except per¬ 
haps above the ocean, where the latter one is reduced to a few hun¬ 
dredths of its value above the ground. The situation is the same 
in the stratosphere layers, in spite of the accumulation of disinte¬ 
gration products manifesting itself there. At about 20 km of altitude 
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we find maximum concentrations J of 10 and c/crp, the 

average concentrations being 10 4 and 10 3 times weaker. Thus the 

effect is negligible as compared to that of the cosmic rays. 

The situation is not the same, if there is an accumulation 

of these products on the surface of the ground after precipitations, 

sedimentation of dust etc. According to Israel £~ kj, a rainfall 

“13 3 

of 10 mm containing 10 c/cm , if all the water remains on the 
ground-surface, would give in its vicinity an intensity of ionis¬ 
ation on the order of 75 pl/(em^ sec). However, this is considerably 
minimized by the disappearance of water in the ground, and the 
effect is partially masked by the decrease of Radon exhalation during 
rainfall. Thus, it generally cannot be observed, yet it could 
become observable on a waterproof ground. 


5* Qualities of Snail Ions . 

General Remarks . The small ions are generally present in the 
air in the order ol a few hundreds per eirr* , the concentration (n 1 ) 
of the positive ions being by some 2(Ja higher than tliat (n 1 ' ) of 
the negative ions. Their difference (n’ - n" ) amounts to several 
elementary charges per cm . The concentration of the small ions, 
which is normally tJiut of gOO to SCO jn.r eui^ next to ground, can 
be reduced to less than 10/ of Its value in highly polluted atmospheres 
and in the clouds. It increases with increasing altitude.. 

Physical characteristics of the small ions, whose dimension 
, -8 > 

(some 10 cm; makes direct observation impossible, are the 
following: 

Mobility. This is the speed the ion has in the atmosphere 
under given conditions of temperature and pressure, if it is exposed 
to an electric field of 1 V/cm. Under normal conditions the mobility 
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of the positive ions is in the average in the order of K' - 1.4 cr.i / 

(V sec), that of the negative ions a little higher, K’ 1 = 1.9 cm / 

(V sec). (These ui'o in fact the most probable values, the real 

values being dispersed around these average values). It varies with 

pressure and temperature according to the relation: 

K(P,T) = k Q (i- 0 T 0 ) (2u) 

A o 

Electric conductivity of she air, more easily accessible for 
direct measurement tlian the ionic concentration, is proportional 
to it and to the mobility of ions. It. is given by the following 
relation, where e stands for the elementary charge: 

A = (iI’n' + K-n") a (3) 

On the ground level it is in the order of 0.9 X 10“^ n to 2 X 
lO"^ - *'* cm”*-. Tt uuguneiits generally with increasing altitude 

under conditions depending essentially on meteorological circumstances. 
The figure 2, borrowed from Mlihlci sen, represent several examples 

* S'] 

of variation (Explorer IIJ Sagalyr aril Eaucher'). According to curve 
I we can consider m /\, as notably constant between the ground and 2*900 
ra (strong turbulence under a marked inversion). This is not so in 
the other cases. 

The density of the vertical conduction current is given by: 
i = A E = EK’n'e ■*. EK"n”e = i* -t i" (4) 

where E is the electric field strength. 

In good weather the vertical current is directed downwards, and 
we can suppose that its value is notably constant in the troposphere 

and in the lover stratosphere, whatever the spot the measuring has 

in -2 

taken place may be. Its size is on the order of 2 X lO - - 1 A cm . 

The Constance of this current permits to bring into connection the 

electric field and the conductivity of the air, which are two quantities 
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of different origin, ' 

Diffusion Coef ficient , Let there he the gradient of 
" dz 

concentration of the small ions, positive, for example, following 

a direction oz, The number of small ions traversing per sec, 

1 cm normal cross section at oz is equal to D' to' t atonds 

dz 

for the coefficient of diffusion of the small positive ions. In 
principle, the same is valid for the negative ions. The coefficient' 
of diffusion and the mobility are connected by the Einstein relation: 


K „ e 
D kT 


k being the constant of Boltzman and T the absolute temperature. 

On the average, D' and D'' are under normal conditions in the 
order ol 3»7 X 10 cm sec" 1 and 5.1 X 10“ 2 cm Gec“^-, respectively £~&J, 

Mean Free lath. in molecular dimensions, even if the charges 
are elementary, the electrical field produced by a small ion, 
animated by the Brownian movement, is sufficiently strong to polarize 
the neighboring molecules. Its trajectory, which is deviated by 
these charges between two succes s ive collisions, is not straight, so 
that the results of the einetic theory cannot be applied to it 
any more. 

If we neglect this effect, we can calculate the mobility and 
the diffusion coefficient in function of the masses m of the ion 
and M of the gas molecules, from the average speed of thermic 
agitation of the ion and of the gas molecules and from a fictitious 
mean free path A • Thus we obtain, for instance, the relation 
(1st formula of Langevin): 
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where k stands for the constant of Boltzmann. 

2 

If we take M ■ m and K - 1.5 cm /(V sec) (normal conditions of 
temperature and pression), we find \ ~ 1.3 X 10“^ cm, a value 
notably different from the value, which corresponds to air molecules 
(6.4 X 10' 6 cm), under the same conditions £~9j. 

Recombination Coefficient . The small positive and negative ions 
recombine after their formation. A number of small ions of both signs 
disappear thus per sec. and per cm i 


dn’ _ dn" ^ C< n’ n": 
dt dt 


©C jstanding for the coefficient of recombination, is given by the 
relation: 


(7) . 
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where k is the constant of Boltzmann and 2 the mean free path, defined 
in (5), and is the average speed of thermic agitation. The express¬ 
ion (9), valid in a range of pressures between 10 2 and 10 5 mb is 
different from that of Thomson /~8_^ and allows us to calculate the 
coefficient o( under the various conditions of temperature and pressure. 
Under normal conditions we find 0/ = 1.6 X lO - ^ C m^ sec -1 . 
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6. Small Radioactive Ions . 

Every disintegration of Rn, of Tn, and of their daughter-pro¬ 
ducts in the atmosphere is accompanied by the appearance of a recoil 
atom. Let C be the concentration of the element considered, expressed 

in Curies per cm3. For Radon, for example, there will appear per 
3 

cm and per sec. next to the ground a number of RaA atoms in the 
order of: 

a = C X 3-7 X IQ" 10 = 8 X lO" 6 pl/(cm 3 sec); (10) 

RaA Rn 

the same as for the other constituents. A certain number of these . 
atoms is neutral (20$ in the case of RaA), the others with a positive 
unitary charge, constitute the small radioactive ions. 

Studying the decrease of these small radioactive ions, as a 
function of the time, properly sampled, we find that they consist 
almost exclusively of RaA, with a very weak fraction of RaB. A more 
profound study allows us to evaluate the life-span of these atoms 
in the atmosphere before they disappear in a process we shall deal 
with further on. This life-span is found to be on the order of 20 
to 60 sec. fioj fllj fl2j. 

It is easy to determine their concentration in the air by 
direct capturing, and by measuring the activity of the captured 
sample. We find in the vicinity of the ground that this concentration 

_k ), 3 

is on the average of 10 to 2 X 10~ H atoms of RaA per cm . Not having 
more precise results, so far(measurings are being carried out at the 
present time), we shall suppose that their mobility and their diffusion 
coefficient is the same as that of the ordinary small ions. 
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A study of the products of artificial disintegration, found in 

the lower stratosphere (accumulation tone) would lead us beyond the 

framework of this article. Without getting involved in the details, 

we can say that one part of the products of the explosions exists 

initially in the atomic form, neutral o- electrically charged, as 

veil as all the products of fissions of cosmic origin. 

let us take a simple example, that of Be 7 and P^, generated 

by the fission of oxygen and nitrogen in the first case, of Argon 

in the second case. The period of the first (Be 7 ), which changes 

into Ll 7 stable, is 53 days, that of P^, which changes into 

stable, is lb days. All these are products, which are set free in 

the state of atoms, and they have probably an elementary positive 
cl large. 

Lot us suppose at the altitude of, PC km the concentration 

Of 5 x 10-« c/cm3 Of „e 7 , Md 5 X o/cm 3 of ^ 

in the stratosphere for a sufficiently long time so that we can 
suppose that the radioactive equilibrium is reached. According to 
the relation (10), in one cm 3 of air and per sec. there will appear 
2 X 10 atoms of Be y and as many of Li y , as well as 2 X lo" 10 atoms 
of P 3 p, With ns man, atoms of V These atoms exist for a certain 
time in a free state in the atmosphere before they nre attached to 
aerosols, present at this altitude (section II, 1 ), and it should 
be possible to detect them (section III 5 a ). 
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II• AIR POLLUTION AND LARGE IONS 
1» General Remarks 

Natural aerosols, the aggregate of which constitutes the 
normal atmospheric pollution, are liquid or solid particles, lively 
soluble in water, neutral of.electrified, whose constitution is, as 
yet, not well known and to which we will assign a spherical shape. 
Their dimensions are included between 7 X 10~ 7 and about lo'V-m radius 

(see Table IV ). They are also called condensation nuclei (see sec¬ 
tion II, 3 ). 

Condensation nuclei, appearing at the ground, are carried 

J< tht/) 

upwards by turbulent'diffusion. They coagulate but slightly and 
fall back onto the ground by sedimentation, preferably at night, 
when turbulent conversion is less intensive, or they are collected 
during the fall of precipitations. 

They may come from the ocean (sprays), or from human 
activities (combustions), and, owing to their slow falling speed 
with regard to air, they are apt to be carried far from their place 
of Cngm. Their chemical composition may vary greatly £~nj 

(chlorides, sulphates, nitrates, ammonium salts, sodium, magnesium). 
They are usually nurtures of various matters, since they coagulate, 
coming from simple nuclei initially formed. 

Their concentration ranges about 10 J to 10 ^ per cm^ at a 
few meters above the ground. It decreases with the increase of the 
altitude, said decrease being more or less steady (see Large ions, 
electric charge, section II, 4). Figure 3 , borrowed from Israel 
ChJ, shows, according to Wigand, the relative variations of 

atmospheric concentrations in aerosols as the altitude increases 
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(measures made by a balloon). It may be seen that said distribution 

follows an experimental law, with a discontinuity corresponding to 

a temperature inversion. Towards 8,000 m it is reduced to -i— of 

1 C* 

its value at the ground level, and it goes on decreasing as one goes 
up. According to Junge there would be an increase of the 

concentrations, between 10 and 20 km; the concentration of particles 
averaging about 0.15 JJ radius, going from 0.01 to 0.1 cm , before 
decreasing again. But this concerns rather large particles and it 
does not seem that, at these altitudes, smaller particles have been 
numbered. 

Let us finally mention the case of natural clouds, made 

up of droplets of water of somin diameter, a few hundreds of 

■3 

which may exists in a single cm . Some authors have mentioned, in 
addition to these droplets, the presence of particles inferior in 
size and much more numerous [_ 20 j. Above the altitude of 6,000 m, 
clouds are exclusively made of ice particles flat or elongated, over 
0.5 mm In diameter. These crystals play an invportant part in charge 
generation in stormy clouds, but this will not be discussed here. 

A direct observation of natural aerosols offers difficulties 
in particular with respect to their sampling. This is made either 
by collision (Konimeters), a method which doe3 not seem to be applic¬ 
able to small size particles under 10 ^ cm or about; either by 
means of very fine threads (spider threads), which is possible 
only for liquid particles; either by electric precipitation of part¬ 
icles charged by corona effects, (particles with dimensions between 
approximately 0.2 JLl and 0.8yt L escape more or less to that kind of . 
precipitation); either by thermal precipitation (which is only good 
for solid particles); or by means of filters (one may moreover wonder 
how it comes that particles settle on the front surface of the filter 
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and that, as a rule, only a few of them get inside the pores). On 
the other hand, particularly in the field of dimensions unattainable 
to an optical microscope, it will not be possible to use an electronic 
microscope for liquid particles, as long as there are no means avail¬ 
able to realize supports liable to fix impressions of the droplets 
of these dimensions. In order to study condensation nuclei granul¬ 
ometry, we are compelled to use indirect methods based on their 
physical properties. 

Their quantitative analysis in bulk in the air may be 
achieved directly by sampling on filters and by chemical analysis, 
or by radioactive computation. This prodeeding, justly crticized 
Z^3j on account of the inefficiency of filter sampling" in some 
dimensional fields, particularly between 1.5 X 10 “^ and 10" ^ cm, 
seems now perfected. It lias been controlled thanks to the use of 
extra-thin calibrated aerosols and of large natural ions, the size 
of Which were known. Filters with an efficiency of more than 08 ,u 
may thus he obtained, whatever may be the dimensional field of 
aerosols to be filtered. 


Light is diffused by these particles and, at leant in 
the case where their constitution is known, (index, reflection, 
and absorption factors), it is possible to compute a diffusion 
indicator for particles the dimensions of whicli are given. Recip¬ 
rocally, the measurements of the flux diffused by a group of particles 
allows to figure, at least approximately, the atmospheric concen¬ 
tration in aerosols; and the measure of the flux diffused by an 
isolated particle, correctly lighted, allows to know its dimensions 
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without changing its constitution. 

This method has been originally used for qualitative mea¬ 
sures or for pollution detection, has been recently developed so as 
to become quantitative j_ 20 J, £21_J. It permits the access to 
dimensions bordering on the limit of the separative power of the 
optical microscope and we are now extending it to a field of lower 
dimensions. 

3- Condensation 

These particles, in a supersaturated atmosphere, act as 
condensation germs and give liquid droplets directly observable 
optically. The use of said property permits to determine their 
concentration in the air. 

A droplet thus formed lias a radius depending on its 
chemical nature, on the salt concentration or on the mixtures of 
salts of which it is formed and on atmospheric supersaturation. 

By measuring these droplets, under well defined conditions, it is 
possible to determine the primary dimensions of the corresponding 
, germs in the air and to form an idea on the air pollution on the 

spot where they have been taken. 

•. The following granulometric distribution may £"22J be 

• inferred from this: 

dN C (11a) 

d log R r 3 

, in which dN represents the number of nuclei in a logarithmic 

scale of radius R, and C a constant. This expression seems 
; valid fo!r particles whose dimensions are at least equal to lCT^cm 

(see section II, 6 ). 
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4. Electric Charge:; 

These particles can carry cliarges usually very low, 

(ranging about one or several elementary charges), either by 
attachment of small ions, or by means of other chemical or thermal 
processes, in order to give large ions. The statistical study shows 
that, on an average, the atmospheric concentrations of large ions 
of both signs are very close, so that the average space charge 
corresponding to them must be low. However, in the course of the 
various operations resulting from human activity (combustion, 
condensation), very important differences between these concen¬ 
trations, as well as a very pronounced space charge, either posi¬ 
tive or negative according to circumstances, may appear. 

Z 

Under undisturbed circumstances, the proportion ■ 

N'-f-N" 

of the total number of nuclei, to that of charged nuclei, is very 
variable, depending on authors j_ 23_/- it included between 

1.61 and 5-4. It increases with the number of nuclei; the lowest 
value nenrc-ct to that stated by Mine. Thellier [_ 24 J, seems to 
correspond to undisturbed average statistical conditions. 

The large ions concentration, proportional to that of 
condensation nuclei, decreases also as the altitude increases, under 
conditions depending on the meteorological situation; and they 
disappear above 3 000 or 4000 m. Fig. 4, borrowed from Sagalyn and 
Faucher [_ 25 j, represents examples of their distribution in altitude. 

5. Mobility and Diffusion Coefficient . 

Due to their rather great dimensions, the above mentioned 
particles have mobilities and diffusion coefficients defined in the 
same manner as in the case of small ions, but much smaller. The 
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maximum values, under normal conditions arc, ranging in about 10 

li 2 

cm(V sec) and 3 X 10” cm /sec, respectively. These quantities, 
as in the case of small ions, are interrelated by relation (5a). 

It is known that, in a viscous fluid, the strength needed 
to give a constant speed B to a particle with a radius smaller tlian 
10~^ cm is expressed as follows (Stokes-Cunningham law): 

6 T R„ 


1 ■+■ b/pR 


y is the air viscosity (at normal temperature and pressure : 
1.7 X lO -1 * cgs), p is the atmospheric pressure expressed in cm of 
mercury)and b a constant, (b = O.OOO 0 I 7 ); R is the particle radius, 
According to the mobility definition, we may write: 


- ne ( 1+- —— ); 

6 IT R h pR 


e meaning the elementary charge and n the number of charges carried 
by the ion, said number being low and usually equal to the unit 
(see further down). 

The following table IV gives an idea of the large ions 
mobilities and dimensions, derived from formula (8), a unit-charge 
carried by the ion being supposed. 


Table IV 


Small ions 


v v 2_i-l 

1,0 > k y 0,01 cm V sec 


Average large ions 0,01 ^ k y 0,001 
Langevin ions 0,001 / k 0,00025 

Ultra large ions k 0,00025 


Ultra large ions 


6,6 < R < 78 X 10 " 8 cm 

78 <■ R < 250 X 10 " 8 cm 

. , -8 
250 < R ^ 570 X 10 cm 

R y 5-7.X 10" 6 cm 
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The 41 ffuslon coefficient of large l„as may derived 
from relations (5a) and ( 13 )- »e then find for n - 1 : 

n _ W b 

+ PR ’ . W 


k representing Boltzmann’s constant: 


For average large lone, for Instance, under normal 
conditions, is included between 10 and io ' 7 cm 2 sec' 1 . 


Suppose Z 1. the total number of nuclei, charged or neutral, 
per » • It is proved that everything happens, uith respect to coag¬ 
ulation, as If every nucleus vas neutral p*J. Smolukousky's /S6 7 
coagulation theory may be applied to them and ve may „lte, 

dz -i^ 2 2 

dt ’ * (15) 

With R the average radius, 

8 TT DR. 

* > ( 16 ) 

D being given by (14). 

For the large tropospherical atmospheric ions, vc find 

C^J / = 1.6 X 10" 9 cm 3 sec " 1 which 

eC f ' ich correc Ponds to an average 

radius of nuclei R = 2.3 x 1C) C m. 

The result is that the initial total volume of the nuclei, 
l.e. product ZR , keeps a constant value, m the field of small 
dimensions, under 1C ' 9 cra (Roll f 27 J ^ ^ ^ ^ 

dN __ C 

~W — - - ( 17 ) 

R 3 

Ksure 5 represents, after Holl, the granulometry of natural 
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aerosols, as a whole. The fixation of condensation nuclei by cloud 
droplets may be discussed as a coagulation process; it may yield an 
explanation for the smaller concentration of large ions inside the 
natural clouds than in the surrounding atmosphere. 

7• Radioactive Condensation Nuclei . 

These are particles identical to those which have been 
described above, but they differ on account of the fact that they 
attached not small ordinary ions, but small radioactive ions, studied 
in section 1-6. Here we shall only study those originated from natural 
radioactivity decay (Ra and Th); especially the first one. On these 
we now have a few informations, taken in the vicinity of the ground. 

i/e have seen that small radioactive ions are, as a rule, 
largely made of RaA atoms. Due to the long stay of the large ions 
near the ground (about 1 5 minutes according to Renoux' measurements 
L 12 J )> those atoms, once attached to the large ions, decay, giving 
birth to daughter-products RaB and RaC. As this stay is not sufficient 
for the radioactive equilibrium to be attained (nearly three hours 
would, as a rule, be necessary), they are therefore constituted by 
accumulation products coming from the Radon, corresponding to 15 to 
20 minutes 2_J. • 

Their destination by sampling and activity measurements 

is unreliable, since it involves information on the duration of that 
stay. 

Let us suppose that the radioactive equilibrium is reached 
between the Radon and the RaA, (section I, 3 ,b), whatever its con¬ 
dition may be (free or attached to aerosols). We shall write: 
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in which n A and Z fi mean the atmospheric concentrations of snail 
ions and nuclei having attached Hal. The concentrations of Badon 
being Brown (1 to 8 X KT* c/cm 3 ,, ve fl „ d tha t ^ + z aven8M 

1 to 2 X 10 3 atoms of i!ah/cn 3 , wherefrom the Z fl value Is deducted 
bj difference, l.e., 0 X lo' 1 * to 1.8 X 10' 3 particles per cm 3 
under normal conditions £~10j £11J. 

Their granulometric distribution is as fellows: 

Table V 


R > 1.7 X 10' 6 cm 


1.7 X 10- 6 <R < io‘ 5 cm 


R ^ 10 J era 


rae 10- c limit, actually under study, is not determined 
exactly. It seems veil established that the greater part (60 to 70« 
of the products responsible for natural radioactivity, is attached 
to the average largo ions and on langevtn ions /"i \_J £~] ,7 7 

Z _ “o_7. 

Badioactive nuclei generated by the attachment of small 
nan ions to neutral nuclei, carry a positive charge, but those 
generated by the attachment of RuA neutral atoms to neutral nuclei 
or of KM positive atoms to negative nuclei arc electrically neutral. 

Of the 55* of Class (l) nuclei, 04* are charged, the remalnirv 31 * 

are not / 29 J. These proportions are fairly the ease as for neutral 
nuclei and for ordinary large ions. 

Sl^tospherical particles (section II, i) att ach small 
radioactive ions (section I, 6) and it is due to them that the 

pheric radioactivity at high altitudes is determined. Furthermore, 
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4.»'4 

» ::•!* *■ \ 


'there are solid particles, entirely radioactive, generated directly 
by nuclear explosions. 

Attachment of S mall Ions to Charged and Neutral Nuclei . 

Small ions, radioactive or not, sediment on condensation 
nuclei, charged and neutral, by diffusion and by electric action at 
the same time. Let us first suppose that nuclei are constituted by 
a monodispersed medium whose radius is equal to the average radius. 
The settling speed cr +.h« ™„-n _._^ 


of the small positive and negative 


ions on the totality of nuclei, will be expressed as follows: 


n ‘ A 


N + 




J N + 
o o 


(A* % + /C n "pj 

(A r p + /C ■■,)! 


in which N o , N’ p , and N" p represent per cm 3 the number of neutral 
nuclei, large positive and negative ions, respectively, carrying p 
elementary charges. is the attachment coefficient of small 

positive ions on nuclei having p positive cliarges, and ^ the 
corresponding coefficient between the same small ions and nuclei 

having p contrary sign charges, and the same goes for small nega¬ 
tive ions. 

The only experimental values available as far as for 
attachment coefficients, are those corresponding to neutral nuclei 
and to ions having a single charge (we shall see later how to 
calculate those corresponding to several charges). Let us mention 
the following scale of sizes: 
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Table VI 


Scrase [~3 0_7 

p ! -6 

p ' x 10 
r c 0 

0.58 

/• 11 _6 
u " X 10 

h c 0 

1.07 

' -6 
/w ’ X 10 
'^21 

2.35 

.11 

/: " x 10 
:>/ 21 

2.96 

Parkinson f _ 31 J 

0.6 

1.1 

2.4 

4.5 

Mme Thellier J _ 2 hJ 

2.6 

3.2 

5.8 

7-2 

Nolan and £~ 32_/ 
de Sachy 

6.8 

7.6 

8.7 

9-7 


A great dispersion is noted in the above results; in some 
cases it may be due to difficulties in measuring. 

9. Attachment Coefficient Expression . 

In order to simplify, let us first suppose that charges are 

syr^trical. We consider a condensation nucleus, having radius R, 

charged or not. Let us compute the positive ions flux for instance, 

entering a sphere having radius r, centered on it. It i3 supposed 

that the medium is sufficiently diluted, so that the presence of the 

other possibly charged nuclei has no effect on the value of n' and n", 

concentrations in small positive and negative ions, in the vicinity 

of the nucleus considered; and that the nuclei, due to their mass, 

are motionless. The number of small ions, positive for instance, 

crossing^by diffusion and by unit of time, the surface unit of the 

dn' 

sphere and preceding towards the nucleus, will be D — —■■ , D being 

dr 

the diffusion coefficient of the small ions. 

The number of small ions of the same sign, crossing the 

same surface, under the same conditons, on account of the electric 

field, will be Kn'X , U representing the electric potential at 

dr 

the distance r from the nucleus center and K the mobility of the 
Rmft-n ions; (it is supposed that the diffusion coefficient and the 
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small ions mobility of both signs, have the same common value K 
and D). Under permanent normal conditions, there is no accumulation 
of ions and the ion flow 0 crossing the sphere is constant and equal 
to the flow settling on the nucleus. Therefore we shall have: 

0 = JIL. K n') =Cte; ( 19 ) 

dr dr v 


p he the number of elementary cliurges e, positive for instance, 
carried by the nucleus, whose surface is supposed to be conductor. 
Keeping into account the image force of the small ion with regard 
to this, we shall write: 


dU _ / P 

ir / 


Rr / 

- r2)2J 


Let us write rata and 
is expressed by: 


The integral of relation (l 9 ) 


n' = exp 


1 ^rjircj) 


a * Without Consideration of Gmail Ion's Mean Free Path . 

Integration constants are determined by writing that n' is 

2ero on the nucleus surface, supposed to be a perfect conductor, and 

that, far fran the nucleus, limit densities have the same value n , 

o 

since the medium is supposed wholly neutral^and n" is obtained by 
changing p to -p in relation (21). 

Combination coefficients A, and A of a nucleus carrying 
elementary charges of same sign as that of the small ions and of 
opposed sign, are expressed as follows: 
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( A - — 4 ^ DR ) 

/ ' lp n dr X=1 

< o 


A' - - 4?[dr . 

A-> 2p dr 


from which 


A- 


4 'If DR 
l(R,p) 


/? . 

/ 2p l(R,-p) 


R ..J 

; .* {• m;- c .vrs. 
> :+N . • >Hf 

'iiV.*-.VTj 

l-i. &fj 
v »; U -JJ.5 

• Srif jftj 

I.;/ £ 

.«* '*•' 'yl'tjw ■ 

"’v 1 " -i v; 




'W-f-T -f(T'S^) **• ( 

1 

Particularly, for neutral nuclei (p : o) j$ 10 and ^ 2 0 


(23d) 


assume the form: 


4 7T DR. 


Such are the expressions obtained independently by Fuchs 
^“33 J and Bricard In fact, for particle sizes in the 

range of large ions ( R > 5 X icf 7 cm), and neglecting a few hundredths, 
we may disregard the action of the electric image (Fuchs /~33_7, Z.35_7j 
Nolan and Keefe [3,6J ), and write (Pluvinage /~37_7, Gunn L 3 e _7) 

e P? - 1 1 - e" P ^ 

I ( *7,P ) = —-T I (19 , - P ) = -- # (25) 

( p C p £ 

Whipple's approximation ^~"4l J consists in supposing that 
the quantity of small ions deposited by diffusion, is the same for a 
particle with a given radius, whether the latter is charged or not. 

This means to neglect the action of the charge carried by a particle 
on the ionic density in its vicinity, and to write that it follows 
the same distribution law, whether the particle is charged or not. 

A small ion, situated at a distance r from the center of 
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a Large ion, carrying an opposed unit charge, will support an attraction 

e Ke 

force —and will proceed towards the large ion at a —rj- speed. 

r r 

So, for one unit of time, the number of small ions entering a sphere 

whose radius is r, centered on a large ion of contrary sign, by 

electric attraction, is 4 Tf r 2 n = 4 TT Kne. The difference 

/ •' 22 “ is therefore equal to 4 T^Ke. By replacing /S - 

.■C'\o Z /'20 by value ( 2l +), Junge’s relations are obtained 

Relations (22) and approximations stated above, which lead 
to fairly concordant results, when R is higher than lo"^ cm, show, 
if we take for thei/- the values mentioned on Table (vi), the radii 
R of about 10 cm, in full accordance with mobility measurements. 
However, they have been denied by Keefe, Nolan, and Rich J, as 
when applied to smaller size nuclei. Keefe, Nolan, and Rich deny 
the validity of the theory, which has just been stated, and offer 
the following explanation: on account of their frequent collisions 
with small ions, condensation nuclei must go back to a state of 
equilibrium with them, as regards (at the same time) temperature 
and electric charge. Taking in consideration their electric energy, 
Boltzmann's distribution law can be applied to them. The concentration 
of particles carrying p elementary cliarges of both signs, may be 
written under the following fbrm: 

N = 2N exp (— p 2 e 2 /2kTR) (26) 

p O ' ' 

in which represents the number of neutral particles per unit of 
volume, k the Boltzmann constant and T the absolute temperature. In 
fact, it does not seem that an equilibrium, in the Boltzmann meaning, 
can be established under these conditions and, as shown by Fuchs 33_7> 

L 35 J } the expression (26) may be considered as an approximation 
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to relations (25), when radius R is sufficiently great (section III 
A3). Figure 6 shows a comparison between the various theoretical 
results stated above, according to Keefe, Nolan, and Rich; the 
points marked are their experimental results. It may be seen that 
the concordance is satisfactory when R ) icf 5 era and that no com¬ 
putation is also satisfactory for the lower values of radius. 

Introduc tion of the Mean Free Path of Small Ions . 

Suppose that A is the mean free path of small ions, stated 
by relation (5). Suppose that A is the average distance from the 
particle surface, with which the small ion lad its lust collision. 

It is supposed tliat everything happens as if said distance would be 
constant, i.e. as if the collision had taken place at the distance 
R-t* A from the large ion center, and that the thickness shell,A , 


may be considered as a void space. A first approximation, (Arendt 
and Kallmann J) used by Lassen consists in taking ' 

A • In a more accurate way, (Smolukowr.ky /~ 3 5_7), we sliall take 

C+V: 

A = y R ^ [0 +/\) 3 - (R 2 —R; (27) 

which gives A = A for very values of R, and A = A for grrear* 


value3. 


It may be considered that, in the thickness.zone A , 


between both surfaces, particles (in this instance small ions), move 
as in a vacuum and are impelled by thermic agitation speed v. 

Suppose that n R+ ^ i 3 the small ion concentration on the outside 
surface of the shell. The ion flux reaching the particle (large ion 
or nucleus) is; 
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0 R = TT R vn . 
R R+A 


At equilibrium we shall write: 


R + A 


or, according to (19): 


4 / 1T (R t &)‘ 


R-V£> 


7fR 2 vn 


In saying that the above relation is satisfied and that, very 

far from the nucleus, ionic densities have the same n value, we get 

o 

A and integration constants of relation (2l). Furthermore, we 
find that attachment coefficients ^ and /w retain form (23) 


providing we write: 


■V 'iT- 


P 1 | 40 

---- I dx - 

x 2x (x -1)/ MvR 


1 + 4- 


with: 


„ = -»P Mf - - -- 2 


(x 2x 2 (x 2 - lj )/ x=1+ 


If we disregard the electric image, we get a good approximation 


by writing: 


^~ r2vp exp 


kT 4D 


2 e £ 


v 2 / 

— R /1 - exp 


kT (R-tA) 
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in which k represents always the Boltzmann's constant. 


We find especially for 


A 


A- 


2 

v 


4D R ■+ A 


We see on figure 6, that the curve marked II, new theory 
calculated from (33) and (3*+), confirms the experimental points of 
Keefe, Nolan, and Rich, in a satisfactory way. Another argument in 
their behalf, is that relation (8), concerning the recombination 
coefficient of small ions, and equally proved right by experience, 
has been obtained through an argument identical to the above argu¬ 


ment. 


Tf r is greater than some 10” cm, relations (33) 


simplified and become identical to those of Lassen For 


example we obtain for : 

o 

,/ _ ** ^ DR 

/ tV o " 1 ' + . I *L * 


and if R is greater than 10 cm, we obtain relation (24), save for 


a few hundredths. 
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III. IONIC EQUILIBRIUM OF TIE ATMOSPHERE. 


We fiave studied, in chapter I, the radio-active origin of 
small ions and, in chapter II, the pollution characteristics, keeping 
strictly within the purpose of the Atmospheric Electricity viewpoint. 
We intend to study here the combined action of radio-activity and 
pollution, that is small ions versus condensation nuclei. 

The consequences of the relations obtained, which are valid 
through the thickness of the entire atmosphere, will be studied circum¬ 
stantially in the lower atmosphere, where experimental results are 
comparitively numerous. We shall state, furthermore, what may be 
their possible application to the problems of the higher atmosphere. 


A. Eddy Diffusion is Disregarded . 

1. Equilibrium Conditions . We suppose that the small ions, 
created in the air, disappear solely by fixation on neutral nuclei 
or on large ions having an opposi-cc sign or the same sign; placing 
ourselves in a quiet atmosphere, free from turbulence, we disregard 
the nuclei coagulation (section II.6). At a given moment, at first 
we suppose that charges are symmetrical and tliat all the nuclei have 
the same radius (monodispersed medium), calling "Np" the number of 
nuclei with the charge " + pe" (large positive ions); and ,, N 0 "the 
number of electrically neutral nuclei. On account of the symmetry 

*3 

of the problem, the number per cm of nuclei bearing the charge 
pe" is also Np. Under these conditions we may write: 

§-«•«»**» k * SW+ap > ”p7 - k 1 

L rri ' J 
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A’A-Ap are defined by relations ( 33 »-»). In the vicinity of 

the ground, the term depending on the re-combination coefficient (X 

will be disregarded. This would not be allowable in altitudes where 

quantities /*! N +/- ; N, +/,! N -f ... are much lower. We shall 
/ Oq / 11 ' g 2 

also disregard the term Kn d£ . 

dz 

We write for large ions: 


P =n 


f N - /• N / 

l,p-l p -1 / np p / * 


We shall state that an equilibrium exists between the large 
ion production and their attachment on the nuclei, consequently: 


dn = 0 
dt 


ON = 0 
dt 


2. Required Equilibrium Time . 

Let us suppose, in order to simplify, that there are no 
large ions having a charge greater than 1 elementary charge. If we 
consider the concentration of nuclei and large ions as constant, the 
concentration of the small ions at the time t will be written: 

n (t) = exp (y 6 t) + (q/ p' ) /“l - exp (-/)t) J ( 39 ) 

If the total nuclei concentration (i.e. z) is constant, the 
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concentration N of the large ions of both signs will be: 

Z 

N(t) = --—- Hi - exp (-pt ) 7 -+■ N exp (-pt) =. 

( /W/*> ) + 2 o 

~ N w /”l - exp (-pt )J N q exp (-pt) ; 


W is the value of N at the time t ■ 0 and N the equilibrium 
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• r * %r* 


concentration. 


6-f 


N + A' N, 
o o / a i 


represents the average life time of a small ion, in a free state, 
that is the average time elapsing between the moment when it appears 
and the moment when it settles on a condensation nucleus. 

In normal atmospheres, that quantity is included between 

20 and 50 sec. 

The quantity: 

T . i. --i- <‘*> 

represents the equilibrium time constant. Under normal conditions, 
it averages a few hundred seconds fkj. A direct measure of the 
average age of large radio-active ions, in the vicinity of the grounds, 
gives a value averaging 15 minutes. This represents the time of 
contact between large ions and small ions. The result is that in 
this time, as a rule, the ionic equilibrium corresponding to relations 
(36) is nearly reached } a Tew hundredths still missing. 

3, Ionic Densities . 

According to (36) we shall write to the equilibrium J_ 49 J 


= n /^o N o + /- (/ipV'2p^ N p • 


I 

It is easily established, according to (37) and ( 38 ), that * 

.. . . A A, 1 A, P-1_ = H (44) 

o 


N = N -:- t — * — 

P ° p 21 P'22, p 2p 


wherefrom: 


Z = N Q (1-t 2 Yi 

P .i 
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These are relations whose numeric computation is in progress 
and which permit the determination of the distribution of charges 
in terms of the nucleus. 

We may state that if R does not exceed 2x10 u cm, particles 
carrying a double charge do not exceed l£ of those carrying only 
one charge; that particles carrying three charges do not exceed by 
2 # in number those carrying a double charge. 

We find the reiMftition of charges attached to particles 
with greater than lo" 5 cm in (37) and (3S)- In particular, it is 
shown, that the maximum charge attached to cloud droplets is In the 
order of a few tens of elementary charges. 

Relation (44) may be written: 

„ ,'i/a £j± L lp 

P /? 

/-lp / '21 >2p 

or, according to (25) 

exp pO - 1 

\J a N ■ — ....... - exp 

P ° po 

% 

exp - exp (-pl^/2) 

—■ i ;■■■■■, — a .P.i- -- ■ ■ , 

PV 

If R exceeds 10“5 C m, the quantity 

is very near the unit, so that we may write (Fuchs /~33_7) for every 

2 2 
- P e 

N = N exp ( ■ ). 

P o 2 RkT 

The distribution of charges therefore follows, when the 
particles radius is not smaller than 10*"'’ cm, or so, a Boltzmann’i 
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law, as regards electrostatic energy, according to the hypothesis 

expressed by Nolan, Keefe, and Rich P&J, (section II, 8a), which 

may be considered as an approximation to the results stated above. 

If we disregard particles carrying several charges (i.e. 

. . , , ) and if wc suppose that ( /•• • / /* ) = 2, fin fact the 

iJ- ip 21 ■ O 

average of this ratio amounts to 1.7 according to table (Vlj)^we 
find, according to (24) and (4j): 


z A = 


4'JTdr 
I (R,o) 


R is the average radius of nuclei. This is Schweidler’s formula 
which connects density of small ions and condensation nuclei with 
ionization intensity. 

In a more accurate way, we shall write, according to (i+3): 


q = nZ /' 


/-£+ jb? ("Ap ~ t A>') ai> _ h 11 




I '(h) (48) 


Figure 7 represents the variations of function I (R) 

in terms of R, in the case as expressed by relation (23a) and in the 
case as relations (33) are used. We see then that, except for very 
small values of R, function I (r) is very close to the unit. 

Introducing the atmospheric electric conductivity, relation 
(47) is written: 

A _ 2 q I(R) Ke 2q Ke 

= (l * 9) 
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by small ions, will be written as follows: 


(n 1 -n") 


qe D’ - D" 
4 '<!rZ D' D" 


in which R is always the average radius of the large ions. 

This quantity represents a positive space charge; 

for an average ionic density near the ground it averages to 50 to 
100 elementary charges per cm^, in accordance with the results which 
may be computed from direct measures of ionic concentrations of 
both signs. 

As a rule, this represents only one part of the space 

charge, which, while preserving usually a near-by order of size, may 

be inversed in sign. Norinder's / _ 50j r results, valid at 8 or 9 ni 

above the ground, show a negative cliarge (400 elementary charges per 

cm ^)• Scrase 51_7 finds in case of marked turbulence, a charge 

always positive (under these conditions the electrode effect is 

masked); and negative in the first 5 meters above the ground, if the 

air is quiet; the average value measured ranging about 200 elementary 
3 

charges per era . From here it may be inferred that there is a surplus 
of charge born by other particles and especially by large ions in 
excess over that corresponding to small ions; and this may reverse 
the sign of the whole. 

On the other hand, positive and negative conductivities 


are such that: 
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38 . 


It results from relation (5*0 that: 

A' = A- . 


' (57) 


According to relations (4) and (56) we find that the 

corresponding electric field of the earth is really proportional to 

the pollution and inversely proportional to 

the ionization intensity, which corresponds to the observations 
and permits particularly to explain the field variations related 
to radio-activity, on the ground as well as in altitude j_ 55_7* 
Finally, according to ( 23 ), (37), and ( 38 ): 


W 


N’ 

P 


p-tl 


X ( 9 , P) 

r ~ 1 Z~»7 >-(p-*i )J 

p-+i < 


(58) 


Particularly: 

r 

-— = 1 r (59) 

I/" 

1 

Relations (54), (57)> (59) confirm usually stated experi¬ 
mental results. The following table gives a comparison with Mme. 
Thellier’s experiments: 


Theoretical Values 

Experimental Values 

n’ It" 

n* 



.. — 

- = 1.24 

n" k ’ 

n" 


""S 

11 

X. 

= 1.42 X 10"\- A" 


N" 


X' - X 
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According especially "to relation (59)* the space charge 
born by large ions should be zero, which results seems inconsistent 

with the results recalled above. However, we must not forget (section 

. oyui] ibriiu.i 

III A, 2) that the ionic / 'is usually readied only to a few 

hundredths. Let us take 5°^• It corresponds to a possible excess of 
large ions of the same order. For a slight pollution (2000 large 
ions/cm ), 100 elementary charges born by large ions may result, 
this being all the more marked when pollution is higher. We must 
furthermore add that artificial pollution causes important charges 
of a preponderant sign j_ G_j , which have no time to be neutralized 

by natural ionization, and whose action, superposing on that of 

vUib' ’ini.: 

natural pollution, alter ionidy /equations. 

5* The Case of Kadio-Active Ions . 

C omputation of Concentrations . The following reasoning is 
prevailing and valid whatever the nature of the radioactive body present 
in the utmosphere may be, providing that elements of the range of 
molecular dimensions be present and not aerosols of larger dimensions. 

It will be applied to the particular case of the Radon near the 
ground, which seems to fiave been the more accurately studied until 
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Supposing that: 


X N 

Rn Rn 


is the number of RaA atoms appearing per cm of air and per second, 

N meaning the atmospheric concentration of Radon and A its 
1111 /X Rn 

radio-active constant. We will write relation ( 36 ): 
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n is the atmospheric concentration of small RaA ions, and N * tliat 
K PA 

of the nuclei having attached RaA atoms. 

Not knowing the exact value of the diffusion coefficient 
of neutral RaA atoms (mentioned in section (l,6)), which appear when 
the Radon disintegrates, we suppose as a first approximation, that 
every radio-active ion carries a positive elementary charge. The 
problem is then the same as tliat of the attaclinent of ordinary ions 
on condensation nuclei, with the difference that this concerns only 
positive ions. 

Due to the fact that small radio-active ions liave the 
same mobility as the small normal ions of the atmosphere, it results 
from relation (7) that they have also the same recombination coefficient 
as the small negative ions and we may, under normal conditions, dis¬ 
regard the quantity oc nn^. 

The have the same meaning as in the previous section and 
the expression /?takes into account the formation of radio¬ 
active particles having a multiple concentration charge N .« The 

limit concentration reached at the equilibrium will be given by 
dii 

A 

- - 0; tliat is, according to notations of section IIIA, 2 

dt 

and disregarding multiple charges: 


n A ‘ ,37X • < 62 > 

A 

The quantity^* represents, as in the case of 
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relation (4l), the average interval of time between the appearance 
of a radio-active atom coming from the Radon, disintegrated or not, 
and its attachment on a particle; it ranges therefore to about 
20 to 50 sec, the same as for small normal ions. 

This is, in fact, the order of magnitude corresponding to 
Renoux' direct measures f_ 12 J , taken close to the ground (study of 
the decrease of disintegration products of small ions, directly collected 
in the atmosphere during a very short period). RaA atom concentrations, 
corresponding to the conditions of relations ( 62 ), are of the same 
kind as those mentioned in section(l. 6 ) for /3-values consistent 
with experience. 

Relation ( 62 ) may also be applied to the computation of the 
concentration of stratospheric recoil atoms. At an altitude of 20 km, 
we may suppose for them: D «rl cm 2 sec -1 ; R ■ 10“ ^ cm; and Z = 0.1 

Q r 

per cm . We find that Q ranges at about 10~ sec” 1 , the attachment 
time for every present aerosol particle of these liberated atoms 
ranging at about lO^sec., about 3 hours. If we take the case of 
Be^ and P 32 considered in section 1 - 6 , whose period is long com¬ 
pared with this attachment time, according to ( 62 ), corresponding 

concentrations would amount to 2 X 10"^ and 2 X 10“^ of free Be 

3 7 
and P atoms per cm of the atmosphere, respectively. 

b. Neutral Radio-Active Nuclei £29J The whole of the Radon 
decay products is thus either free, in the form of small Ions, 
mainly constituted by RaA, and by RaB and RaC in very small quantities, 
or in the form of radio-active condensation nuclei, electrically 
neutral, (coming from large ions originally negative), or of large 
radio-active ions (coming from neutral condensation nuclei), or 
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fixed on dust particles. 

Radio-active neutral ions can also appear by neutralization 
of large radioactive ions, by small negative ions, and disappear 
by attachment of small ions of every sign. We will disregard, in a 
first approximation, these minor reactions. 

If the disappearance of large radio-active ion and neutral 
nuclei, exclusively of N* and ^ concentration, is exclusively 
attributed to their decay, we will write, for instance for the 
second concentration: 

dlv' 0 ^ 

~ ' ^ /!/' - \ V (63) 

"" is the concentration of large negative ions. The same relation 

will be obtained for N. . 

A' 

If we suppose that there is an equilibrium: 


and supposing a probable atmospheric ion concentration, we find 
for n A = 1.5 X 10-W (section 1 .6) that = 5 X 10‘Vcm 3 ,* N « 

4 X 10“Vcm 3 . A 

This corresponds to the experiments (section II.7). 

However, (secondary reactions mentioned above), large 
negative radio-active ions should appear, originated by attachment 
of small ordinary ions, on neutral radio-active nuclei. In spite 
of all our efforts, we did not succeed in detecting the presence of 
these large negative ions in the atmosphere, which leads us to 
suppose that such a mechanism does not exist. It is, however, possible 
to realize it by the corona effect. An explanation could be the in¬ 
sufficient contact time between natural aerosol particles and Radon 
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products. 

c. Equilibrium Between Radioactive Small and Large Ions . 
flQj, /7llJ, J. Suppose that Z A is the concentration 
of RaA atoms, corresponding to these two kinds of particle• Due 
to the small RaA period (3 min.), it may be supposed that the 
radio-active equi]ibrium is obviously reached between the Radon 
and the RaA resulting from its decay (10 minutes are indeed 
necessary to realize said equilibrium to 10$). We shall there¬ 
fore write: 

q^ = AnRnasi ^ (nA-f-Z^; ( 65 ) 

and, starting from ( 62 ) and ( 65 ), we find that: 

<«> 

from which: 


We see that the ratio — is independent of the 

Z 

quantity of Radon existing in the A air. 

Relation ( 67 ) shows for the RaA (period 3 min), near the 

ground, under normal conditions, ( /3 = 4 X lO^sec"'*'), that range b 

> A 

at about 10$^which corresponds to the measures. These relations are 
also valid for stratospherical decay products. For Be^ and with 
- 10“^sec~^. orders of magnitudes of 0.02 and 0.06 are respectively 
found for n/Z. 
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of , ;ataral ^ 

^ -J* *- 9 -'‘' First » let us go bade to the case of the attach¬ 
ment of small ions on natural aerosols, but in a polydispersed 
medium. According to (47) and (48), we may write: 

q(B) = VTD» ?• 


f<R) ” dR r ' Pr '" r ' t ° Srunulometrlc distribution or the medium 
as given by the relation (17). Function q <R) Is represented, m 
relative values, In flg . 9 for t»o values: R „. 5 x 10 T ^ ^ * J0 -6 

on Of minium radius R, corresponding to Inferior limits, reasonable 
for large average Ions: the maximum radius uas chosen equal to 1 
The distribution, thus computed from relation ( 68 ), Is practically 

Identical vlth that computed by Lassen fhbj from relation ( 35 ) 
for R^ = 10 ~ 6 cm. 

On the came figure, a dotted line chow, the distribution 
obtained by making I (r) = c te m relation ( 68 ). We may see, 

especially for R 0 * 10-6 ttat the corresponding distribution Is 
very similar to the fomer, and that, due to the accuracy of 
measuring methods now available, this approximation is largely sat¬ 
isfactory, which justifies Mtihleisen and Roll’s £~2Q_J 

arguments /~I (r) a l _J t 

6 W ® derive frotn the curves that the average nuclei ( r ^ 

2.5 X IQ" cm) attach 78 to 8 o* in the first case and 83 * to 86 * in 
the second; the remaining, i.e. about 15 to 20 *, being attached by 
particles of larger size. These results define the role of these 
particles, the nature of which has been discussed before f 3 hj. 
Relation ( 68 ) is general and applies to small radio- 
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Account may be taken of possible variations of K with the 
altitude (Miline j_ ^hj ), which complicates the computations. We 
v/lll merely consider K as constant (Kawano) and disregard possible 
variations of the conduction current, as well as the small ions recom¬ 
binations, which leads to relation: 


+- q = R Zn. 


The Ionization intensity is the sum of 3 terms: 


• : i 


expressed, on account of eddy diffusion, as follows: 


— = — ( K -iL). 

dt dz 


•’ 'if 

. V 

i- -s’.-a 


The contribution of ions, coming from lower parts, adds 
itself to the production of ions by the various ionizing agents, 
considered in chapter I. Let q(z) be the corresponding total ioniz¬ 
ation intensity. Equations ( 36 ) and ( 38 ) become, at altitude Z*; 

-it (K ^r»+’z= (to) 


v.'a 

:vl 


q z = V+ V + q z3 • 


The first term^q^, represents the action of the ^-radiation 
from the ground. At z altitude, it is given by relation (l). The 
second term represents the action of radio-active gases and of their 
active decay products suspended in the atmosphere. By limiting our¬ 
selves, in a first approximation, to the Radon daughter-products and 

*) K is not well known close to the ground. However, we shall suppose, 
that the value of K as well as that of dn/dz is much smaller at ground 
level than in some height. This justifies the equations ( 37 ) and (33). 
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by reverting to the reference level h, we will write, according 
to (2): 

q 2 (z) * q 2h 6XP " [ \^~ (Z " h) ]‘ (73) 


where A is the Radon radio-active constant. (It would be easy 
to take into account the other radio-active bodies, possibly present. 
They would reveal themselves through a sum of terms of the above 



Relation (70)will then be written under the form mentioned 

by Kawano: 


K 


d 2 n 


dz £ 


<1 exp(-^4*) 


q exp 
2 h 



-4- = B Z n 


Zn; 


( 74 ) 


q is the cosmic radiation contribution, supposed constant, in 
terms of the altitude. 

The integration of the above relation has been mode by 
KAWANO, in the case when product J3 Z is constant with the altitude. 
It is evident that this condition is in contradiction with the other 
conditions brought in relation (74), (other characteristics variable 
with the altitude), as well as with experience, (section 11,1)* 
Therefore, the expression of n thus obtained can only be very 
approximative and would most probably be improved if Z would be 
given an exponential form. However, with the following limit con¬ 
ditions: 


n = n h 


at z ■ h 



n = n 


at Z : oo 
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we obtain: 


n * n 


b 3Z-A BZ-K.4T _BZ 


\ ' ( irh 

exp ( z “ h )l *f" -"~ 

V K BZ-> 


- x IX ( z -h)1 -+• — 
V K J -B 


Z-K /t 2 


exp (- yUz) ^-- • 

/ BZ 


ThlB expression allows numerical calculation of the ionic density 
with these simplifying hypotheses and according to (3), the conduc¬ 
tivity, resistivity, etc., at various altitudes. 

2. Other Electrical Parameters . 

By calling E the earth's electric field supposed vertical 

and (0 the charge density at altitude: 

_dE_ . _ (76) 

ds 


or, according to (4): 

9 Z -i- -£^. (77) 

5 4 If A 1 dz 

i is the density of the vertical conduction current. 

Starting from (3), (75), (76), and (77), we may therefore 

bring in the pollution and radio-activity on all other atmospheric 
electricity parameters, and especially on the space charge and the 
electric field. Let us write q^-t- 1 3 = ^ and fAM 0, which means 
to disregard ground radiation absorption (table 111). Noting that 
/[ z £.09 X lO^sec ” 1 is negligible compared with 3 Z (whose order 
of magnitude under low pollution is nearing lO^sec" 1 ), we obtain, 
according to ( 75 ), ( 76 ), and (77), a relation between the electric 
field E And space charge density at the height h, which is written 
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' , h = u-irg. 


h ( 3 Z )'i. r (n. - - £p h- ZJj >) 

n K Z 


zero altitude, if we take K = ^ X 10 cm sec, B Z ■ 
„ — "w\ „.,”3.--1 „„j _ - l nno om 3 ar'mrdln'’ to 


10 ~ 2 oec" 1 , q h = 10 pi cuf^scc , and n = 1000 cm J according to 
(l'r6), we find tliat E range:; about 0-3 ecu/m, i.e., about 100 V m 
normal'size range. Relation {'(b) a],lows to expluin, in a satisfactory 
way, the- electric field local anomalies. 
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IV CONCLUSIONS 

Although the relations established in the course of this 
report are general, their application to problems of atmospheric 
electricity Is restricted, as regards the equilibrium between small 
ions and natural aerosols, at altitudes higher than a few km. Above, 
ionization intensity of radio-active origin and atmospheric pollution 
play a negligible part, compared With ionization intensity of cosmic 
origin and re-combination between small ions. In other words, relations 
( 70 ) and (72) remain valid, providing all other terms besides q^ and 
are disregarded even in the stratospheric accumulation zone. 

Me have shown that ionic equilibrium conditions may also 
be applied to the attachment of ions or radio-active atoms on natural 
aerosol particles. Although their concentrations are extremely low, 
compared with those of large and small natural ions, their experimental 
6 tudy is already well in progress, in the neighborhood of the ground. 

It presents an interest in the exchange layer where pollution and radio¬ 
activity are still noticeable, but seems useless between the latter 
the tropopause. On the contrary, in the accumulation zone, 
towards 20 km in height, where exist at the same time, radio-active 
atoms (fission and artificial radio-activity) and an appreciable 
quantity of pollution, it presents certainly an interest and could 
constitute a new stage in the study of the atmospheric radio-activity. 
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SESSION 3.1 


r>.ncr«tton of Electric Charges Outride Thunderclouds 


J. Alan Chalmers, M.A., Ph.D., E.Inst.P., 

Reader In Physic*, 

Purham Colleges In the Uulverr.lty or Durham, England. 


1. Introduction 

It can scarcely be denied that the most Important processes of electri¬ 
fication in the lower atmosphere are those within thunderclouds, but never¬ 
theless there are any other electrical processes at work tn varlouo regions 
or the atmosphere that am have been discovered and that will have small or 
large errects on tin: electrical mate of the atmosphere. 

It U hojmd tliat, at the risk of becualtet ■* mere catalogue. simc thing 
can be natd about moot of these pro-wneco, though natnmUy 'here will be 
more tliat can be discussed about seme than utiout others. 

As in the thunderstorm. It is possible to distinguish between two stages 
in the generation of charge, first the actual separation of the two charges 
Of opposite sign from previously neutral natter and, eecond, the segregation 
at these two charges In such a way that they reach different places. In 
*», at the processes discussed, .he separation la -hat which produces .he 
natural conductivity of the n.mouphrrc, i.-v-ly .hr .-..vatlua of Ur- *•'—«- 
,4*ro by conmlc .ays and by n«l..«e..l,l.y. A..1 la '*-• 

1. by tlie ordinary process oT electric rnoductlun la the electric ricld U«t In 
present, moving charges of opposite sign In opposite directions. 

2. Point Discharge 

Point discharge can be considered as a generator cf "barge, since the 
breakdown separates charges from neutral matter and the electric field segre¬ 
gates then. 

When on earth-connected point exists above the surface of the earth, the 
line, of electric force In the atmosphere concentrate on the point mid the local 
field strength tsegdester than that Sr the earth's surface. In the staple case 
of an isolated point, this local field strength would depend on the potential 
difference between the point and Its surroundings, l e- the free ataosphere 
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at the suae level, awl so on the height af the point and the potential 
gradient in die atmosphere; for a point which Is one of a number at com- 
parable heights, the other points nodIfy this staple approach. 

When the potential gradient In the ataosphere reaches a certain value, 
the field strength near the point becomes sufficiently large for local 
breakdown. Involving Ionisation by collision, to occur, ni*l, no the potential 
gradient Incr'-aseu, breakdown can uccur over wider volumeu and lor more 
polntu. The local breakdown imr polntu tma noon nfsllvd urvlcr laboratory 
conditions uo "eoroMt discharge", but the details. need not concern m hero. 

Tlic result of Uic local breakdown is to produce Lona ol' both slgnc; those 
of 'he Bane sign m the patent bit gradient move quickly Into tlio point and 
form a current to earth, while those of the opposite sign remain In the 
atmosphere and rorm a since charge, ultimately moving upwards to the cloud 
wni'h Is Uie origin .<r >he |«ucnt.tal gradient. Hr- presence of the icpaee 
.-lutrge near tli- point diminished Hr- nciietl ri-ld n'rengi.i, at th- point and 
Ulster nnttable cl rcum.-. toisvu the illu-dinrgo mny oecnr h, pnlivs; averaging 
efforts over |»TJodu cf time l.eig com|««r«d with Ur- pul.**, t>. I" 'tiny to 
urr Unit, In ninety emit It. lens, Un-re will lie nil adjustment to give n r.bnily 
current nisi uj«e« oliurgv, tin- locul eruditions near Um point providing Just, 
auff lclent current for the purpose; It Is Uien unnecessary to discuss 
details of Uie actual processes at work near the point. Just as, in an 
ualo,;oui case of the Umt;sulr-Cblld law for thermionic emission, the 
details of the emission process ned not t>c discussed. 

VItli a particular point and one value of 'he poteiillHl gradient, It 
follows Unit the current would to* altered only Jf the ujvtee charge Is 
altered, and IJilu lu achieved only by wlixl removing It Trim Ur neighbourhood 
of Uie j-olnt. An appr<mbsnte theorei leal calculation of Uw current lu Itu 
dependence on potential grid lent nnd wind speed for an Isolated point has recently 
been srndc (Chalmers, 1962) and work Is progressing on an attempt to carry out 
a more accurate computation with a computer. Bia theoretical problem of a 
point which la not Isolated, but one of a number similarly or differently 
situated remains to :>e tackled. 

On the experimental wide, ilw earlier nvranurementn of t.lw relation 
between point-discharge eurrent and potential gradient did not recognise 
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the pert played by vied, but the more recent vork has shown that this must 
be Included and the results are In fair agreement ulth the approx 1 m te 
theoretical calculations. 

*rti< work so fur discussed has bwn curried out by simply erecting a 
metal point In the utmosphere and connecting It to earth through a measuring 
Instrument; this, therefore, docs not give a great dual of information about 
the effect of natural point discharge, which must take place largely through 
trees. The problem therefore arises an to how dourly a metal point and a 
tree corres|K>nd In regnrd to point-discharge currents. 

UrhonJund () rut down u bunh, typical of lie neighbourhood, mounted 

It on iimulutoru mid menuured the current through It; wlille tills wan nn 

approach to natural ruodlll<n:i, it did nut reproduce the coisl it loan or a 

living tree. More recently, ftnwd and Chulmcru (iy60) attempted to measure 

the current throu^i a tree, not directly but by measuring the effect of the 

space charge on the potential gradient downwind; the results suggested that 

a tree In leaf glvcu less current than a point at the same height. MUncr 

uisl ttwtlsa.ru (1‘kit) IriiM-rlj*il el«a;t.nHtt*ii tub* s tree, ia» nn t.o ntinrt-rlrrnt t 

IJa* current d.am Ila> trim lltriair.li n gnlvniaaa.lxr mat ftuiial uwitl«r rnrrrnln 

Uutn for n Hullo recently, with Un> muse afjmral.iip, llmlern ( 1'P.lj) 

a 

found that, ut tile lime ot^cjone lightning rinuti, the tree mid a neighbouring 
metal point gave appreciably different currents, showing thut the tree does 
not behave like a simple conductor. It would be very desirable If such 
measurements could be attempted In the parts of the world where thunderstorms 
are frequent. 

The question of the effect of the presence or abeence of neighbouring 
points on the current through one purLIcnlur point Is anotlise which requires 
rurlhor Invent Ignt.livn t.li Iplonknr (IVkO) mid Omlmcrn and Mnpleoon (lyy)), 
using tsrturnl |*nlui. dtnclinrgr, fontsl Hint the total current through a amber, 
of points clone together Mrs lean Umn If they were replaced by a single 
point, but Bella ( 19 W), In a laboratory experiment, found that each point 
of a group gave the bosk current whether the others were present or not. 
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J. Bon-Storay Ruin Mid Snow Clouds 

Although the electrical effects In ncn-stonqr clouds arc less than those 
of thunderclouds, they are still appreciable, and scat processes at charge 
separation atust he present. 

One <tf the Important probluas in this field Is the discussion as to 
whether the charge-separation processes in non-otormy clouds ure the some ns 
In thunderclouds or not. If they are the came procesaen, then the problem 
is why the magnitude of the charge separation Is so different; what are the 
conditions In the thundercloud that sake the processes so ouch no re efficient 
there than In the non-s tormy cloud? It should perhaps be pointed out that the 
difference- is auch greater than the aeru difference In Intensity off precipita¬ 
tion. If, on the other hnwl, eliurge nepnrutlon In tie: non-stoner cloud takes 
place by totally different proeenses, then these proronnec oust bu such that they 
are not auch magnified by the change fna nou-storar to stormy conditions, and, 
further, tlio procenses In the thundercloud aunt bu such that they cannot 
operate significantly In the non-storay cloud. Ttiter considerations are a atroog 
Justification tor Increased study of nonstoray cloud electrification, particularly 
alien it la realised that such clouds are auch aore frequent In May parts eff the 
world than Uiunderclouds nisi conditions are auch steadier and acre naenable to 
acanurearnu 

In Hits cunnm-llnu, an la|«>ruttii. principle has 110011 used, wisely Hat of 
tha quuol-utcudy stale, 00 that uno cun anmase that the total vertical electric 
current lo the suae at nil levels. Thin aunuaas that t lie re is no differential 
horizontal electric current at any level, and it might be profitable to consider 
this question In aore detail, particularly*In the case of wura-frout clouds 
where the movement off the air is auch aore horizontal than vertical. 

An Important result in the measurements off the affects off nan-stormy 
clouds Is the difference uff both potential gradients and precipitation 
currants na Pal worn rain awl enow. Ilnlosn there nte effects at ths earth's 
surface, or near l.o It, thin u~-au to Indicate Uni. Umrn smut las electrical 
effects III the proccnn of smiting, since most of Urn preolpllallon concerned 
has started as Ice particles and. If finally falling an rain, has melted later. 

The simple discussion of the quusl-cteady state lends to the conclusion that 
the potential gradient above a cloud would alter in dgn when the precipitation 




iroved for 


C0646185I 








Approved for 


C06461858 


e! m 


ciianges fra. rain to 5ncw Qr vlce vfr6a; u vould be ^ ^ 

conciusran could be confirmed or related by .ct«l observations above tbe 
clouds* 

**• Hon-Raining Clouds 

"" Ch “ r8 ' 6 ln WUm Cl0Uds “*‘ lch "* -t precipitating have been 

measured by a number of workers end, although there is sate disagreement, 

'.he general results appear to be that the larger droplets more often carry 

positive charges and the smaller negative , 

uuer negative, the actual charges being only a 

few electronic unite. 

SU “ Ub0n,lUnr * ***!., Whitlock and Haberfleld (l 95 8) 

have shown that these charges are directly related to the presence of Iona 
end this Is in accord with theoretical work by OmS, 0955 ). 

n ' OUeh th ^ ’ ?rreCtS - -X separation or charge in clouds 

this type, it seems unlikely that similar processes could be appreciable, 
compared with others, in clouds which give precipitation. 

Another effect in non-raining ciouds 1. that which is termed the "traffic- 
jarn effect-. Since the conductivity within a cloud is less clan that outside 
in order to maintain continuity of current across a cloud boundary, there must 
he e greater potential gradient wtthin the cloud than outside, and this, m 
turn, .cans a region of space charge at the boundary. 

5. Precipitation 

Precipitation, as it reaches the ground, is usually charged; if the 
charge it carries Is that which It has received in the cloud, then this is 
not to be considered separately from the problems of charge generation within 
the Cloud; but If the charge on the preciptt.tion has been altered as It fall, 
then the processes by which this occur, must be considered as se^te. If 
precipitation Is an taporumt factor in charge generation in thunder clouds 
then there must be a l. rg . change of charge during fall, since It 1. certain 
-hat the precipitation current reaching the ground is much scalier than It 
would be In the charge-generating region of the cloud. 

^h precipitation leaves thedoud, the only ways by which It would seem 

possible that it could acquire charge would be 1) melting 3) capture of ions and 
3 / shattering. 
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The fact that the charges and the potential gradients during snowfall 
differ from those during rainfall (see, for example, Chalmers 1956), show 
that It is likely that something occurs during melting and It Is very 
desirable that more should be found out about this, both by observations 
during precipitation and. If possible, by laboratory measurements. 

■Hie "inverse-relation" between precipitation current and point-discharge 
current (Simpson 191.9) can be explained If the precipitation acquires charge 
rrtm. the point-discharge Ions nod „ more detailed consideration of this 
(Chalmers 1951) lu.n shown fnlrly satisfactory results. Ko r the corrclntlon of 
™in current with potential gnu.lent when t„.,re ,s no point discharge, tnc 
matter does not appear so simple and further work Is required. At the lime 
this is being written, work is In progress on the measurement of rain current 
simultaneously at the top and foot of a 60 -foot tower; results and conclusions 
may be available by the time of the Conference. 

Kelvin (i 860 ) and Chauveau (1900) have found a change of sign of the 
potential gradient at the top and foot of a tower on certain occasions during 
rain, and this requires a negative space charge In the air below .he top of 
.he tower; measurrae,.,.. of rh,. r g..„ L0 cannot entirely explain 

these results and It might he ,hni ... of mlu drop, occurs In ,h1s 


6. Pic Electrode Effect 

It 1. perhaps questionable wncU.er the electrode effect should be 
included as a charge-generating process, since the actual charges concerned 
are only the ions produced by cosmic rays and radioactivity. But recent work 
h« u,nested that the electrode effect, and Ihcconvecllon of the charges 
scrated by It, era of appreciable Importance In the atmosphere. 

Pie electrode effect cunprlde.i a space charge near an electrode. In 

' the cn8e ° f the Uie earth's surface, and arises because there can 

nonsally be no Ions leaving the electrode, so that the conductivity at the 
surface of the electrode is due to ions of one sign only. .In normal fine- 
weather conditions, the electrode effect would give a positive space charge 
near Uie enrthSs surface; this la, | n fact, found only 1. special conditions, 
e.g. over the Greenland lee-cup (Ruhnkc, 1962) or over water (MUhleluen, 1961); 
In Other cases It Is reduced or absent because of higher Ionization close to 
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7 - Other Natural Sources of Charge 

There tire severtil other natural phenomena which give rise to charges 
in the atmosphere* 

In blizzards, there are charges generated by, presumably, the Impact of 
snow particles on one another and on the snow on the ground (Simpson 1919 ) and 
the same occurs In drifting snow* Obstacles such us wires bee cue charged In 

a blizrnrd (Uarre, 19*>3). 

l 

' • Oust- h tonus give rise to .julte large electric potential grad lento, 



HB***** L1 “ CU even (Hudge, 10 Jl»), and volcanos al so give 

ganMp^SOMKWrubl* effect* to be ascribed to frictional effects of tlie ush 
(Hatekayama and Uchlhawa, 1951). 

■y ggay * ^ r 

' . ** b * 8 l on 8 been known that positive charge is generated by the 

■IfilaFraE L- ^«hl«g of water, e.g. at waterfalls (Lonard, 1893 ); Mdhleiaen (1958) has 

separation with rliange of humidity; there Is evidence (MOblelsen 
tW j’ 08lllve 'fdtfBuH orlglnntlng at. the sea-shore In Uie breaking of 
main-hard (l*>/l) linn round flint poul Lively •halved nurllelon 

- ■*>•'?' 

+?■*»** “Wards rr ™' ,,lr "*•» wirTnce, iirodiicml by Dm- hrrnkliig of nlr l>nl hl»u 
• • , ‘ . : 

~ In Uio oca. 

It lu probnblo Uiat only the luot I wo of those nre likely to be of 
appreciable Importance In the whole bulance of chargon in the atmosphere, 
but there Is scop*, for more investigations of all these phenomena. 

8* Artificial Sources of Charg e 

Mflhlelsen ( 1955 ) has Investigated 111 detail the generation of charge 
by burning and other Industrial processes and Isis found Unit different 
processes produce different signs of cliarge; Uie amounts or c:large taken 
into Die atmosphere may be gulte appreciable. An earlier example aT the 
same was the positive charge arising fruu lorumotIvon (Kelvin, i 860 ). 

Chalmers, ( 1953 ) found that negative cluirgcs can be liberated Into the 
atmosphere from high-tension cables in conditions oT high humidity when the 
insulation partial* breaks down; sufficient charge la liberated to produce 
negative potential gradients several km. downwind. 
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Another exanple of an artificial source of charge is the observation of 
Moore, Vonnegut, Semonln, Bullock and Bradley ( 1962 ) who found positive space 
charge downwind of a television tower in fine weather; this they explained 
as due to the removal by wind of a space charge formed at the top or the 
tower by the electrode effect. 

Deliberate attempts to produce space charges in the atmospnere by 
electric discnarge We been cade by Vonnegut and Moore (1958), Vonnegut, 
Maynard, Sykes, and Moore (1961) and Vonnegut, Moore, Stout, Staggs, Bullock 
and Bradley ( 1962 ). 
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CHARGE GENERATION IN THtlHDEBSTOHHS 
By B.J. Mason 
(Imperial College, London) 


Introduction 

It la proposed that the principal nechanien of thunderstorm 
electrification involves the accretion, freezlhg and splintering of 
supercooled droplets on pellets of soft hail. Gravitational separation 
of the esall positively-charged ic# splinters and the much heavier 
negatively-charged hall pelleta then produces as electric field of 
the observed polarity. 

Evidence in support of this theory cones fron: (1), observation 
of the disposition of electric charges and fields in thunderclouds 5 
(il), observed correlations between the appearance of soft hail and 
strong electric fields! (ill), laboratory observations that riging 
eleaents acquire a negative charge as positively-charged splinters 
are ejected from freezing drops; (iv), the discovery that this 
separation of charge arises from a basic property of ice, viz a 
protonic themo-elactrlc effect which has been investigated eaperiaent- 
ally and theoretically in sane detail! (v), application of the 
laboratory results on the rate of charging of artificial hall pellets 
to a nodal thunderstorm which reveals that the proposed mechanism la 
capable of producing and separating charge at the rate required by 
observations on lightning flashes while other mechanisms appear to 
work much too slowly. Those arguments will now be presented in 
more detail, but first it aeeaa worthwhile to list the more Important 
and relatively undisputed features of the thunderstorm with which any 
satisfactory theory of electrification must be consistent. 

2. Requirements of a satisfactory theory of thunderstorm electrificati o n 
The theory must explain Quantitatively how electric charge is 
generated and separated in a thundercloud at a rate equivalent to that 
at which it is dissipated in lightning flashes. It must account for 
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th« observed polarity of the thunderstorm and be consistent with what 
is known about the electrical and dynamical structure of the storm, 
the nature of the electrical field changes accompanying lightning, the 
size and duration of the storm, and the nature, scale and intensity of 
the precipitation processes which are generally considered to be 
closely correlated with the electrical activity. More specifically, 
the theory oust be consistent with the following facts: 

(i) The average duration of precipitation and lightning from a 
typical single thunderstorm cell is about 30 sin. 

( 11 ) The average electric moment destroyed in a lightning flash is 
about 100 C.km, the corresponding charge being 20-30 C. A typical 
cell produces flashes at intervals of about 20 sec so tbe average 
lightning current is about 1 amp. 

(iii) The magnitude of the charge which is being separated immediately 
after a flash, by virtue of the falling speed of tbe precipitation 
elements, is of order 1,000C. 

(iv) .n a typical cell this charge is generated and separated in a 
volume bounded by the O and -** 0 °C levels and having a typical radius of 
2 km and therefore a volume of about 50 km^. 

(v) The negative charge is centred near the - 5 °C level, while the 
main positive charge is situated some kilometres higher up; a 
subsidiary positive chargu often exists near cloud base where the 
temperature is usually a little warmer than 0 °C. 

(vi) Sufficient charge must be generated and separated to supply the 
first lightning flash within 10-20 min. of the first appearance of 
precipitation particles large enough to produce a radar echo. 

In round figures, the requirement is to generate about 1000 C of 
charge in a volume of about SO ka^ in a period of about 20 min. l.e. at 
an average rate of 1 C/km'Vmin. 

3 . Observational evidence for an ice mechanism 

( 1 ) Lightning is usually accompanied by heavy precipitation although, 
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in warm, dry climates, thio nay not reach the ground. Host theories 
on the origin of the electric charge hare assumed thst the precipitation 
plays an important role, and as the sain charge centres appear at 
leeels in the cloud where the temperature is below 0 °C, it is natural 
to associate that generation with the presence of supercooled water 
and/or the ice phase. 

(ii) Kuettner (1950), from observations made inside thunderclouds 
capping the Zugapitze in Germany, reported that solid precipitation 
elements were predominant in the greater part of the thundercloud and 
were present on 93 * of the occasions. Snow pellets and pellets of 
soft hail were the most frequent form of hydrometeor being present on 
75 % of occasion* but largo hail was relatively rare. 

(iii) Fitzgerald and Byera (1962), using aircraft fitted with 
electric-field meters, havs reported that the actively building regions 
of thunderstorms are regions of excess negative charge. The strongest 
fields, of up to 2300 V/em, were associated with regions of heavy 
precipitation. In particular, a large hail shaft produced a strong, 
smoothly increasing field indicating « negative charge on the hall. 

(lv) Hsian and Schonland ( 1951 , ». b) fl° d that, in South African 
storms, the negative charge is often distributed in s nearly vertical 
column which may extend up to but not beyond the - 90 °C level. Tble 
is consistent with the charge being generated by growing hail pellets 
because supercooled droplets exist at temperatures down to, but not 
below - 90 °C. 


9. The cha rging o f rime deposits 

In recent years, several workers have raported that whan super¬ 
cooled water droplets Impinge and frosts on an ice surface, the 
resulting layer of rime acquires a substantial charge. The experimental 
results, which have been reviewed by Hason (1957), be summarized 
as follows. 

Flndsisen ( 1990 , 1993 ) formed a rimed layer by spraying water 
droplets on to a cold metal surface and found that it acquired a 
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poeltive charge. The charging ceased If the surface became aaootb 
and glassy, as was the case If the drops froze slowly, or If It 
became wet. Bather stronger charging was obtained with a natural 
supercooled cloud than with an artificial spray, the difference being 
ascribed to sore rapid freezing of the saaller cloud droplets. The 
rate of charging in the cloud was J x 10 ^ C ei ^ i 

In a later investigation, Kramer (1946) found the ride deposit 

acquired a negative charge which increased in proportion to the 

iapact velocity of the droplets. With a velocity of 0.5 a s ^ 

-14 -2 -1 

the charging rate was 2 x 10 C cm s and, for a velocity of 
5 a s”\ ten tines larger. 

Lueder (1951 a,b) made experiments in natural supercooled clouds 
on a mountain top in order that the coi.taminants in the water should 
be those occurring lm nature. lie states that the growing riae deposit 
acquired a negative charged, an equal positive charge being communicate 
to tho air, probably on the parte of the drops which were flung off 
without freezing. Unfortunately, it is difficult to interpret hla 
experiments and to deduce the actual rate of charging. 

Meinhold (1951) measured the electric field strength at the 
surface of the fuselage of an aircraft flying at 80 m s * through a 
supercooled cumulus congestus cloud. The deposition of rime was 
accompanied by a rapid rise in tbs field strength In a sense which 
Indicated that the aircraft was acquiring a negative charge, and the 
rate of charging was calculated to be 5 x 10 C cm ^ s 

The charging of a rime deposit on a cold metal surface was also 
studied by Weickmann & aufm Kampe (1950). Water droplets in the 
diameter range 5 to lOO^were sprayed at velocities varying from 
5 to 15 m e' 1 on to a metal rod of 5 mm diameter in a cold room kept at 
either -5 or -12°C; they were therefore slightly supercooled on 
reaching the rod. The rate of charging, which was not sensitive to 
the presence of dissolved salts, increased with increasing velocity of 
the air stream, and for a velocity of 15 m • , attained a value of 
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5 , jo -12 C C B* ? a” 1 . When water at te®|«raturea slightly above 
0°C was sprayed on to the rod it acquired a 6 light positive charge, 
later the authors indicated that the reeults of these experiments 
mur have been seriously affected by electrification associated with 
the production of the spray. 

The balance of the evidence from all these experiment a points 
to the acquisition of a negative charge by a growing layer of rime, 
Findeisen's result being an outstanding contradiction. In light 
of the recent ex|*riments of L.thum and Mason (1961), described below, 
it now appeare that some of the differences between the results of 
different workers may be ascribed to the use of differing drop sixes, 
temperatures, and impact velocities, while ejwrious effects may arise 
from initial charging of the spray droplets and electrification 
produced by the splaohlng of droplets on the les surface. 


5, The splintering and electrification of freezi ng water drop.. 

oome evidence for the production ot charged splinters by a 
growing rime deposit was obtained by Kramer (19^8), and their 
production during the freezing of individual water drops was 
investigated in detail by Mason and Maybank (I960). 

Hucleation of a water drop, at tem[«rature -T°C, is followed 
by rapid eolldification of a fraction T/80 of ito mass in ths form 
of an ice obeli. bubevqucnt freezing of the liquid interior now 
proceeds st a rate determined by tho dienlration of the latent heat 
to the surroundings. The expansion which accompanloo thin freezing 
seta up streeaea in the ice shell which may disintegrate to produce 
a number of ice splinters. Mason and Maybank found that, for drops 
suspended in still air, the number of splintere produced was almost 
independent of the drop diameter in the range 0.1 to 2 mm but that 
for drops of diameter < 60 ^. , sflicter production was much reduced. 
They also measured the chargee on the residues of fragmenting drops. 
If only a minor fraction of the drop was blown off the residue was 
invariably negatively charged. Typically, a drop of 1 mm diameter 
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freezing at -5°C produced about 20 splinters and acquired a 

negative charge of about 10 e.s.u.j a similar drop freezing at 
o 

-15 c produced about 5 splinters and acquired a charge of about 
3*10 ^ e.s.u. The average positive charge per splinter was 
therefore 5 * 10 e.s.u. These experiments suggested an explanation 
for the electrification of growing rime deposits and that a similar 
mechanism operating during the growth of hail pellets might be an 
important fuctor in the electrification and ice-crystal economy of 
clouds. 


6 - Charging associated with the growth of soft hail pellets. 

Latham and Mason (1961) measured the electrification of artificial 
pellets of 6oft hail es they grew by the accretion of supercooled water 
droplets, and determined how this varied with the temperature, size 
and impact velocity of the drops. 

The experiments were conducted in a cold room, at air temperatures 
ranging from 0°C to -17°C, with the apparatus shown in Fig. 1. 

The hailstone, simulated by a 5 mm diameter, electrically 
Insulated, copper sphere coated withfci a i mm layer or ice, was 
suspended in the centre of an earthed vertical brass tube through 
which the air stream carrying the droplets could be drawn at velocities 
ranging from 0 to JO « « *. Water drops of uniform diameter in the 
range 20 to 90f- produced by the spinning-top apparatus of Walton 8 . 
Frewett (19**9), or rather larger drops produced by an atomizer, were 
allowed to fall aevcral feet in the cold room where they became auper- 
cooled to very near the air temperature before reaching the hailstone 
target. For a given droplet size and air-stream velocity, the flu* 
of droplets hitting the target was determined by allowing them to strike, 
for a given time, a Formvar-conted glass sphere of the same dimensions, 
and counting the droplet impressions under the microscope. The 
impaction and freezing of the droplets was accompanied by the ejection 
of ice pnrtlcles from the target surface; their number and sizes were 
determined by inserting Kormvar-coated slides Just beneath the hailstone 
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and later examining the plastic replicas of the crystals. 

The electric charge accumulating on the hail pellet during the 

freezing of droplets on its surface wae measured by a Vibron 

vibruting-reed electrometer of resistance and time constant 

-4 

200 a. The minimum detectable charge wa6 about 5 x 10 e.e.u. 

The surface temperature of the target, measured by a thermo¬ 
couple, was higher than that of the surrounding air because of the 
latent heat released by the freezing drops and could be raised 
artificially by Irradiating the surface with the beam of a 30 V 
tungsten lump. 

The experimental operations, which could be jerfonued from 
outside the cold room, consisted of setting the cold room (air) 
temperature, the air-stream velocity and the drop size and reading 
the electrometer after the target had been exposed to the droplets 
fora known time, usually 10 s. Then the effect, on the rate of 
charging, of raising the surface temperature of the hailstone (this 
being previously calibrated in terms of the air upeed and the current 
supplied to the lump) was investigated. Meanwhile, slides for 
collecting the ice crystalo shed by ths target were inserted at 
regular intervals. The whole procedure was then repeated for a 
different set of conditions. 

The freezing of droplets of distilled water on the surface of 
the hailstone caused it to become negatively charged and was accom¬ 
panied by the ejection of small ice splinters* The manner In which 
the average charge and number of uplinters produced per drop varied 
with the drop diameter, lmjuct velocity and air temperature is shown 
in figures 2, 3 «nd 

In a typical experiment, with the air temperature at -15°C and 
—1 4 

the air otrea* moving at 10 o a ,10 drop* of diameter 80^. atruck 
the hailetone within 10 a and produced a total charge of 4 i 10 2 e.a.u. 
i.e. an average charge of 4 x 10 ^ e.a.u. per drop. On average, each 


droplet produced 12 lc. apllntere; their mean diameter on collection 
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was 20p- but they were probably smaller on ejection and bad grown 
In the meantime. 

DropletB of d < 30yw. produced few splinters and little charging. 
Figure 2 shows that the production of both was enhanced as the droplet 
diameter was increased to about 50 jf , remained fairly constant for 
diameters between 50 and iOj~ , and fell again for still larger 
drops. These results are in fairly good agreement with those 
which Mason and Haybank (I960) obtained Tor individual droplets 
suspended on fibres except that they did not observe a reduction in 
splintering for large dropo. This tendency, in the present experi¬ 
ments, may be explained by the fuct that, in impinging at several 
metres per second, the larger drops shuttered before freezing and 
that splashing communicated a positive churge to the Ice target In 
the manner observed originally by Faraday and more recently by Gill 
& Alfrey (1952). Positive charging of the target at high impact 
velocities is shown in figure } i this occurred although there was 
still a considerable production of splinters. 

An shown in figure b, tho rotes of churge and splinter production 
are almost independent of the air temperature in the range -6 to -17°C 
but both fsll off rapidly at higher temperatures and, in our experiment!* 
were no longer detectable at -2°C. The explanation is aa follows. 

The impacting droplets can be frozen only at a rate determined by 
the rate of dissipation of their latent heat to the environment; at 
air temperatures close to 0°C the rate of freezing was alow and 
consequently the hailstone surface became wet and, no the replicuo 
showed, considerable splashing occurred ns the dropa struck it. 

A number of tents were carried out to make sure that charging of 
the hailstone was due entirely to the collision and freezing of the 
droplets. No detectable charging occurred when the air stream 
carried no droplets and when droplets, impacting at very low velocity, 
froze on the surface without producing splinters. The parallelism 
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between the curves o t charge and oplinter production In flgurea 2 
to 4 Is, perhaps, the strongest evidence for the one being a 
consequence of the other. 

Irradiation of the hailstone by the lamp caused a reduction in 
the rate of charging. For example, with the air temperature at —12 C, 
raising the surface temperature of the hailstone by 2 C reduced the 
rate of charging by about 20*; when the surface was warned by 5°C, 
the charge production was halved; but, in both cases, the rate of 
splinter production was not appreciably altered. 

When the impinging water droplets were contaminated with sodium 
chloride in concentration corresponding to the average found in cloud 
water (5.6 mg/1.), the rate or charging was decreased by about 20*. 

These experiments appear conclusive in showing that the negative 
charging ot the hailstone is caused by the ejection of small splinters 
of ice during the freezing of droplets on its surface. The influence 
of droplet sixe und the presence of salt are In fair agreement with 
the observations of Mason and Maybank apart from the effects which 
were produced by splashing of large drops# 

In a later paper, Latham and Mason (1962) reported that when the 
above experiments were repeated in the presence of an external electric 
field the charging rates of the hailstones were altered by only about 
10 p»r cent by application of fielde of-'* 1000 V cm • The inference 
is that the charging of hailotonea will not be greatly accelerated by 
the cumulative build-up of polarizing fielde in thunderstorms« 

7. Application of laboratory results to coamtation of the 
production of charges and electric fields in a model thundercloud. 

We consider a thunderstorm in which above a level the 
updraught 0 contains an exponential size spectrum of hailstones such 
that the concentration of stones within the radius interval 8 to R ♦ dR is 


n(r) Ct£ = N 0 e*p (~ Aft) , 


where N and -A* are constants indepdndent of position in the updraught, 
o 
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Since eplintera and charge are produced only by the freezing 
of droplets on the eurfaceE of hailstones which remain dry , we write 
the fractional volume F D (z) Swept out per unit time by the dry hail 
at level z as 

Fp(V) -- J rrfT vCW »(*)**■ 

o 

where V is the hailstone fallspeed and R c (*) la the critical radius 
at which a hailstone becomes wet at level z. We now assume that this 
flux of dry hail encounters a concentration n(z) of supercooled drop¬ 
lets of radii greater than ; smaller droplets.produce few splinters 
and little charge. Since these droplets are continually being swept 
up by the entire spectrum of hailstones, their concentration will 
decrease with increasing height according to 

M. 2 -) - ^ f- f f&L ^ 

^ U( z ) • 

whore n ia the concentration of dropu ut z and F(x) n?fora to the 
o o 

entire hail .•spectra. 

The total rate of charge production between levels Z q and z owing 
to the impaction, freezing and splintering of large cloud droplets on 
dry hail is then given by 

dffl . A 'ft, la. f F(z) f Jz) ** (V) 

i ' V l UC') ' 

whore A is the mean croue-sectlone 1 area of the updraught and i ia 

the average churge produced by the freezing of a drop of r ? 25/^ • 

We hove aeon that a typical single-cell a'ora generates about 
1000 coulombs of charge in about 20 sin., l.e. at an average rate of 

about 1 amp. Putting <A§ = 1 amp » J x 10^ e.o.u., A = 97f x 10 10 c* 2 

-6 

( a mean radius of 3km for the cell), q d = 4 x 10* e.s.u. (Latham 
and Mason 1961), and values of F^ and F based on the observations of 
Atlas and Ludlam (1961) for a storm having an updraught increasing 
linearly with height according to U(z) « 5(*-l) m sec” 1 with z 

measured in km and a liquid water content of ) gn \ we find n = 5 cm”^. 


moved for FUN6&A&$tra£Cl C0646185! 







C0 64 6 1 



- 11 - 


This does not seem wn unreueoiuible folu© taince droplets of r > ?5^*- 
have been round In concentrations exceeding 1 ci } in rather email 
cumulus (Durbin 1956), while concentrations of 5 cm 3 In Cb have 
been observed by Weickaann and aufm Kampe (1953), 

The corresponding concentration of splinters, assuming a freezing 
drop to produce on average, 10 aplintera, ia calculated to be 
about 1 cm' 3 between the -<*0°C and -50°C levelo (browning and Muson, 
l<j6J). Thin, too, ueema a reaoonuble figure. 

The rate of building of the vertical electric field E by separation 
of the bail pellets and ice splinters ia given by 


4 a db - - /.tt-tv n hCh) * 2 vV«) 

dC V .. 


(f) 

(.T-) 


where f represents the leakage of charge through point-discharge 
and conduction currents, p the precipitation intensity, the 

average density of the ice [articles, V and R are respectively 
weighted mean values for the fall speed and mean radius of the hail¬ 
stones. For particles sizes ranging from R . 0.1 mm to 1.0 am, 
V/£ , const * 8500. If we assume that the precipitation 

intensity increases rather rapidly with time at first,and then 
levels off at a value p which ia maintained for several minutes,we 
may write p> . fl - e/' ) »nd Eq 5(a) becomes 

<£f 4 p <±£ -- S'O' 


(rtl 


at 


where 


- m % ism, » (jbfX*) /’" 

fi 


The solution of (6) with the conditions E * 0 and d£/, it- • 0 
when t = 0 is 
£ 






Taking ^ » 2 x 10~ 3 e.s.u. and ^ . 5 cm hr 1 , fi; ■ 0.5 g cm 
_l , 600 4 , = 1 cm' 3 and ^ * *• * 10' 6 e.s.u., Eq (6) predicts 

that the field will reach a value of 9**00 V cm 1 within 10 min of the 

appearance of precipitation elements. *»ut, before large-scale 

# 

fields of this magnitude are reached, lightning discharges will almost 
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certainly occur and destroy the field. However, it appears that 
the accretion, freezing and splintering of supercooled droplets on 
hail pellets can readily account both for the production of charge 
in thunderstorms and for the generation of large-scale fields of 
several thousand volts per cm during periods of about 10 min. 

If the field were destroyed by a lightning flash but the soft 
hall continued to fall at a steady rate , the field would 
recover at a rate given by 

oC£ t/S f ^ ^ 

r. « 

With and «T* taking the same values as above, the field would 
build up again to **000 V cm” 1 in 30 s, which is about the average 
interval between lightning flashes from a modest single-cell storm. 


t The basic mechanism of charge-separation during the freezing and 
splintering of droplets . 

The fundamental problem is to explain how the electric charge can 
be separated during the bursting of a freezing drop and why the 
splinters are ejected with a positive charge leaving a negative 
charge on the hailstone. Hasun and Latham (1961 ) have proposed 
thut this is a manifestation of a protonic thermo-electric effect 
in ice by which tho hydrogen and ttydroxyl ions formed by the 
dissociation of a small fraction of the Ice molecules become separated 
under the Influence of a temperature gradient. 

The process depends essentially on two facta. One is that tha 
concentrations of positive and negative ions increase quite rapidly 
with increasing temperature; the other, that the hydrogen ion (proton) 
diffuses much more rapidly through the ice crystal than does the 
hydroxyl ion (Eigen snd de Haoyer, 1958)" Thus, if we imagine a 
steady temperature difference maintained across a jlece of ice, the 
warmer end will initially possess higher concentrations of both 
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(iositive and negative iuno. The more rapid diffusion of II f ions 
down this concentration gradient leads to a separation of charge, 
with a net excess of positive charge in the colder pert of the ice. 


A detailed theoretical treatment by Mason 


(1) leads 


to the following expression for the potential V produced by a 
temperature difference T across the ends of an ice specimen 

V - — f £ 4 1 7 AT h) 

v) L K.I J C ' 


- I- if(» AT millivolts 

where , O. are respectively the nobilities of the H* and OH" iona, 

= 10, e the electronic charge, k Boltzmann's constant, 

^ » 1.2eV the activation energy for dissociation in ice and T Is 
the absolute temperature. Latham and Mason (196l) have measured the 
potential differences across specimens of pure Ice and find excellent 
agreement with Eq. (9). Moreover, the potentials are not markedly 
affected by the presence of dissolved salts and gases in the ice. 

.'hen two pieces of ice at different temperatures are brought into 
temporary contact and separated, the warmer piece acquires a negative 
charge and the colder one an equal positive charge . Theory indicates 
that there should be a maximum charge separation of 'j x lO'^A T e.u.u. 
between each cm^ of contacting surface whon the surfaces are separated 
after about O.Oi see. If they are left in contact for longer times, 
the charge separation will he decreased as the two pieces of ice beccae 
more nearly equal in temperature. These conclusions have been 
confirmed by experimental measurements that show that very little charge 
separation occurs if the contact period exceeds 0.5 sec. 

The electrification of freezing water droplets is explained by the 
preferential migration of protons down the temperature gradient 
established across the ice shell. During the early stogea of freezing, 
a radial temperature gradient is established across the ice shell, the 
inner surface being held at 0°C by the water that is still liquid Inside, 
the outer surface cooling towards the air temperature. According to 
the above theory, protons will migrate preferentially down this 
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tern pe rat u re gradient and produce an exceea positive space charge 
in the outer layers of the ice. When the droplet bursts by the 
expansion of the centre as it freezes, splinters ejected froo 
the outer layer will tend to carry away a positive charge and leave 
the remainder of the drop negatively charged. This is in accord 
with the experimental observations. 

It is difficult to calculate the temperature gradient across the 
ice shell, which varies with time, and therefore the space charge 
density in the outer layers at the time of rupture. During the 
formation of the initial shell, the temperature of the drop is 
everywhere 0°C; as freezing of the interior proceeds, a temperature 
gradient is built up; when freezing is completed the droplet finally 
assumes the air temperature everywhere and again the temperature 
gradient disappears. However, near the end of the freezing process, 

when the centre of the drop is still 0°C and the temperature of the 
outer surface close to that of the air, we may take the average 
temperature gradient across the ice to be . In fact, shattering 
usually occurs before this late stage but we may use this value of 
the gradient to calculate a minimal value for the sejunted charge. 
According to Kq. (*>), this will be ItfTr* • 1 o.o.u. If 

« -15°C and r **0^ , this becomes 4 x 10 ^ e.o.u. If r ■ 0.'J> mm 
.It 

the charge becomes 5 x 10 e.s.u. fhus the measured charges of 
5 x 10 e.s.u. and 3 x 10 ^ e.s.u. could be accounted for by the 
fragmentation of one-tenth of the surface area of the drops. 

The Reynolda-Brook Charging Mechanism 

Reynolds (195**), Reynolds, Brook and Gourley (1957), have 
attributed the negutive charging of hailstones not to the freezing 
und splintering of droplets but to collisions between the hailstones 
and much smaller ice crystals. Laboratory exferimenta in which an 
ice sphere was rotated in a mixed cloud of ice crystals and super¬ 
cooled droplets showed that the sphere acquired a negative charge; 
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but if the cloud was comjobed entirely of droplets or entirely of 
crystals, there was negligible charging. 

Reynolds believed that charging was caused by rubbing contact 
between the simulated hail pellet and the ice crystals which bounced 
off with a positive charge, and that the sole function of the 
freezing droplets was to warm the rimed surface und to create 
a temperature difference between it and the colliding crystals. 

It was eatminated that, with a temperature difference of a few 

degrees, the average charge carried away by a crystal of radius 
-4 

50 ^- was 5 * 10 e.s.u. 

Following up these ideas, Reynolds, Brook and Gourley (1957) 

investigated the electrification which resulted from nibbing contact 

between two rods of ice of different temperatures. When both pieces 

of ice were formed from distilled water, their resistivity being about 

10° -H- cm, the warmer became negative after rubbing. If, however, 

-4 

one of the ice specimens was mads from a 10 molar solution of NaCl 
it became negative even though it was 25 °C colder than the 'pure* ice. 
This reversal of potential was attributed to the formation of a liquid 
layer during rubbing and, on refreezing, a selective incorporation of 
Cl* ions into the colder ice. Later, Brook (1958) investigated the 
potentials developed when two pieces of ice of different temreratures 
are brought into temporary contact and eeparoted with a minimum of 
frictional contact. The sign of the charging was related to that 
of the temperature gradient, for both 'pure' and 'salty' ice. In tha 
same manner as before, but the potentials were an order of magnitude 
smaller than those developed during rubbing contact. 

These phenomena have been re-investigated by Latham and Mason 
(1961, a, b). They found, in agreement with Reynolds et al, that 
when two pieceb of highly purified ice were brought into temporary 
contact (with minimum friction) and separated, the wurmor acquired 
a negative charge. A theoretical calculation based on the protonic 
thermo-electric effect, indicated that a maximum charge transfer of 
3 x 10”^ A T e.s.u. cm ^ should occur with a contact time of about 
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1/100 sec. and that it ahould thereafter daclina aa the two 
pieces become Bore nearly equal in temperature. The theoretical 
value for the charge developed for a contact time of — 1/100 nec. 
was well confirmed by experiments which also showed that very 
little Charge separation occurred if the contact period exceeded 
1 sec. Contamination of the ice with CO^, HF, and NaCl in 
concentrations of up to fO times that normally present in rain¬ 
water, did not greatly influence the electrification. 

lathaa and Mason also investigated the charging of a simulated 
hailstone by collisions with ice crystals. In order to elloinate 
charging by the freezing of suiercooied droplets, these were 
rigidly excluded from the cloud, and the surface temperature of the 
hailstone was controlled by an internal electric heater or by 
irradiating ita surface. Charging of the hailstone by the 
colliding crystals was measured as a function of their temperature 
difierence, and of the size and impact velocity of the crystals. 

The sign of the charging wus directly proportional to the temperature 
difference but rather insensitive to the size (diumeter ranging from 
•'0to hty*) and lmpvict velocity (1 to JO a sec" 1 ) of the crystals, 
with s t wm|er:jturo difference of S°C, « rebounding crystal of diameter 
produced, on .ivernp.e. a charge or J i 10 ^ e.s.u. 

Thia la five orders of magnitude sBaller than Reynold's value 

.if 

of 5 x 10 e.s.u.: 

Reynolds* value aay be questioned on two grounds. First, the 
field produced by such a charge at the crystal surface would exceed 
10,000 V cm surely « discharge would occur between the pointed 
crystal and the hail i<ellet before the charge on the cryotal could 
build up to this vnlue. 

Secondly, the charge of 5 * 10 e.s.u. is about 1000 tines 
greater than that of all the charged carriers that would be present 
in the ice crystal if this were pure ice.' Additional carriers 
might be produced as the result of local frlcticnal heating of the 
ice at the points of contact but even if the whole ice crystal 
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fall in . vertical electric field and collide with the much smaller 
cloud-droplet 3 that they overtake. The raindrop will be electrically 
polarized by the field; in a downwardly directed field such as 
exists in the atmosphere in fine weather, the lower half of the drop 
will carry a positive charge and the upper half an equal negative 
charge. Elster and oeitel suggested that, after collision, some 
of the cloud particles would rebound from the underside of the rain¬ 
drop, carry away eome of its positive charge, and leave the raindrop 
with a net negative charge. The fulling drops, in carrying their 
negative chirge towards the base of the cloud, would enhance the 
original field, and ao the whole electrification process would build 
up rapidly. A detailed mathematical treatment of the problem shows 
that if only on# per cant of the cloud droplets striking the lower 
half of the raindrops were to bounce off, and if this percentage 
were independent of the electric field atrenpth, the field would 
grow exponentially with time and, in a cloud producing rain at the 
rute of 1 cm/h. would reach l(XX) timco ito initial fine-weather value 
in only 10 minutea. 

Now laboratory exp«rtmenta indicate that, in the ub'-unce of on 
electric field, the fruction of cloud dropleta that actually rebound 
after striking raindrops is small; the great majority of collisions 
result in coalescence. However, no experiment sufficiently accurate 
to detect non-coalescence to the extent of only a few ier cent has 
yet been performed. This problem, which becomes complicated further 
by the presence of electric fields and of free charges on the dropo, 
la now being atudled by the author. I has been found that ulthough 
droplets or 10-lHty* diameter may rebound after striking nil uncontumin- 
ated plane aurfi.ce of -uter or a much larger drop, they can always be 
made to coalesce by applying vertical fields of only about 10 volta 
per cm. The droplets become distorted as they approach the wster 
surface, small protuberances develop at their ends in the direction 
of the field, and complete coalescence occurs, probably because small 
electric dischargee occur at the protuberances and cause rupture of 
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Figure 3 Splinter ( x ) ami cliuri'n (O) production us a function of tlio impact velocity of 
tlio drojilols. Air temperature, — 10 C C; drop diameter, 70/*. 


i 





IE 






Figure 4 Splinter ( x ) and cl largo (O) production as a function of the air temperature. 
Air velocity 10 m/s; drop diameter, 70/*. 
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SESSION 7.1 


Tire THEORY OF LIGHTHTMft 


D.J. Malftn 


Barnard Price Institute of Geophysical Research 
Johannesburg, 


The title of this discussion covers a very wide 
field Since a discussion on any aspect whatsoever of the 
lightning discharge or Its manifestations Involves a certain 
amount of theorizing. 

I shall confine this talk firstly to the theory 
of the stepped loader, and shall then dlscusn discharge 
processes taking place Inside and above the cloud. 

Experimental data on tho latter processes are 
extremely scanty so that the suggested mechanisms are 
mostly speculative and as such fall In tho realm of theory. 


. w 


TIP-: THEORY OF THE STEPPED LEADER [ 

Very little now Information based on photography 
of the stepped loader of a lightning flash has materialized 
since Its discovery about thirty years ago. Photographic 
Studies Of laboratory sparks on tho other hand have yielded 
a large amount of new Information but difficulties arise 
when attempts are made to apply the knowledge gained to 
the leader of a lightning stroke. A case in point Is the 
recent work of Stekolnlkov and ShkllyoV (1968) who used an 
Image converter tube to photograph negative rod-to-plane 
sparks. They state that the bright steps they photographed 

* are 
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are impulse corona discharges and are not preceded by a 
pilot streamer, from which they conclude that the leader 
process in laboratory sparks is different from that of 
natural stepped loaders. 

Apart from the observation that the bright step 
is not accompanied by a pronounced steplike electrostatic 
field change, electrical studies of lightning have given 
little information which can be usefully applied to stepped 
leader theory. 

In studying the radiation fields of flashes in 
the distance range of 50 km. , both Clarenco and Malan 
(1957) and Kitagawa (1957) found that whon the stepped 
leader approaches the ground, radiation pulses follow one 
another at lntorvals of the order or lO^sec. Kitagawa 
ascribes those pulses to short interval loader steps. 

Clarenco and Malan, howover, concludo that since the radiation 
field comes from the whole lightning channel. Intracloud 
streamers which take part in supplying current to the 
advancing leader also contribute to the radiation pulses. 

The evidence for this conclusion is based on the observation 
that of the numerous stepped leaders photographed by us, 
none except porhaps the last atop, show Intervals as short 
as lCytsec betwoon Bteps. Furthermore, we also argued that 
because exactly similar short interval pulses are often 
observod to precede strokes subsequent to the first, it is 
evident that all the pulses need not necessarily originate 
in a stepped leader process. 

The question now arises: which explanation of the 
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profuse radiation pulses is the correct one? The answer 
to this question is important from the point of view of 
stepped leader theory. It is especially necessary to have 
conclusive evidence showing whether dart leaders are prop¬ 
agated by short stops or continuously. 

The latest attempt to formulate a atepped leader 
theory known to the speaker is that of Wagner and Hlleman. 

The theory of those authors is a sort of combination of the 
well-known earlier theories of Schonland, Bruce and 
Komelkov. Wagner and Hlleman distinguish between tho 
channel which consists of a 2 mm. diameter highly conducting 
arc plasma and a surrounding corona sheath of diameter about 
30 m. When the channel is arrested a space charge develops 
in front of It,being fed by a multitude of filamentary 
streamers. At some instant the current in one of the 
filaments reaches a critical value of 1 ampere when an arc 
plasma begins to develop from tho tip of tho channel. This 
filament now robs the other space charge filaments of their 
charge and omorgos ao the now channel (or stop). 

According to Wagner and Hlleman the lntonslty of 
tho current at any point along tho advancing step rises 
suddenly when the tip of the nowly formed arc plasma reaches 
that point and thereafter remains constant until the tip 
has reached its maximum extension. The current which 
remains at about 1 ampere at the starting point of the step 
Increases uniformly along the new channel to roach a maximum 
value of about 7000 amperes at the tip of the fully 
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developed step. At any point the product of current and 
duration of current riow Is constant during the advance of 
the step. 

The assumption that the current which flows In 
the plasma channel during step formation Is mainly derived 
from the surrounding space charge can explain why the 
bright step produces practically no sudden electrostatic 
field change although It carries a heavy average current. 

THE POuSIBtK F.FFEI'T OF HT.MPt RAIN ON THF. STEPPED 
l.KftURK PROCESS, 

It has been postulated that the preliminary 
electrical breakdown in the base of the cloud takes place 
by the mechanism of filament formation on large water drops. 
In a heavy thundershower the base of the cloud virtually 
extends down to ground level. The question now arises as 
to what extent. If any, heavy rain Is likely to affect the 
stepped leader breakdown to earth. 

Lot us first consider the Information available 
from the radiation fields occurring Immediately before 
first strokes of flashes to ground. When using very high 
amplification, radiation pulses which may bo ascribed to 
stepped leaders,can be detected In practically all casas. 
k’or a very largo percentage of flashee tho radiation pulees 
aro aurprlalngly small, however. Does this Indicate that 
the breakdown procoss for flashes In rain Is a hybrid 
between the ordinary stepped process and the filamentary 
process, or can the effect be wholly attributed to the low 
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radiation propensities of stepped leaders in general, or 
as first suggested by Pierce, are stepped leaders totally 
absent ? 

Let us now consider the photographic evidence. 
Under favourable conditions for photography all flashos 
show stepped loaders. By favourable conditions it is meant 
that the flash is not obscured by rain or that the stray 
light scattered from rain has not caused overall blackening 
of the picture. It is obviously almost impossible to 
photograph a faint stepped leader in heavy rain, except 
perhaps when the flash is very near Indeed, 

Berger has taken many pictures of flashes in close 
proximity but has only obtained pictures of stepped leaders 
on very few occasions. It will be interesting to hoar 
from professor Berger whether the absence of stepped leaders 
on so many of his photographs bears any relation to the 
intensity of rainfall while taking the photographs. 

THE MECHANISM OF INTRA-CLOUD DISCHARGES, 

It oan be confidently concluded that intra-cloud 
discharges are not propagated by a stepped leader process 
because these discharges do not emit the radiation pulses 
which are characteristic of stepped leaders. 

In regions near the base of tho cloud where there 
are large water drops, the discharge can be propagated by 
the process of filament formation when the fiold reaches 
10 kV/cm, provided that the diameters of the drops exceed 
2 mm. At high altitudes in the cloud where its content 

may /. 
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may consist of ice particles and droplets smaller than ?. mm., 
or of Ice particles alone, this process can no longer tako 
part In propagating the discharge. The following Is a 
tentative explanation of the mechanism of the discharge 
process at high levels. 

The droplets and also Ice partlclos, as Chalmers 
(1047) has shown, will become polarized In the electric 
field. When the Hold betweon a neighbouring pair of 
droplets or Ice particles reachos a valuo of about 30 kV/cm 
(the exact value depending on the pressure), eloctrlcal 
breakdown occurs. The discharge Is subsequently carried 
forward from particle to particle, probably in a channel 
of large cross-section. 

The presence of discrete pockets of high charge 
donslty In fairly close proximity to each other will cause 
the tip riold to Increase rapidly with tho advance of the 
st.roamor so that It Is not arrested as In tho case of tho 
stopped leader to ground. Furthermore, If this is the case 
it may not be necessary for the tip field to build up to 
60 kV/cm which, according to ochonland, Is the field required 
to produce tho thormal Ionization roqulrod for the progress 
of a stepped loader. 

PROCESSES COUTTgiMITINO TO INTERSTROKE FIELD CHANCES, 

There are several factors which can contribute to 
the chango of electric field as observed at ground level 
during the Intervals between the strokes of a flash to 
ground. 
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Effect of tranalont changes In the charging proceaa. 

The separation of charge In the cloud under the 
Influence of gravity Is also relatively slow. It la bound 
to be profoundly affected during the development of the 
discharge, but to what extent Is difficult to judge owing 
to tho lack of experimental data. Mooro, Vonnegut at al. 

0‘ | f>2) found by Radar observations that trie largo drops 
responsible for gushes of rain following, after lightning flashes 
wore not presort prior to the electrical discharge. They 
suggest that after a return stroke the droplets In the 
stroamer channels and the surrounding droplets are oppositely 
charged so that coalescence takes place by electrostatic 
attraction. Thl3 observation will have to be taken Into 
account when formulating a thoory relating to the transient 
effect of a lightning flash on tho normal separation of 
charge In a cloud. 


The J process. 


Tho Interstroke J process 1 b considered to be a 
positive streamer discharge progressing mainly upwards from 


Effect of space charge below the cloud. 

A re-arrangement of space charge between the base 
of the cloud and the ground will Influence the field In 
close proximity to the flash. However, since the conduct¬ 
ivity of the air near ground level is small the relaxation 
time la long which inakos It unlikely that thl3 effect will 
contributo noticeably to the field changes observed during 
the short time Intervals between the successive strokes of 
a flash. 
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the upper regions of the previous return stroke channel. 

It was found that at distances nearer than 5 km interatroke 
field changes were nearly always negative in sign, whereas 
at distances between 12 and 20 km there wore very few 
negative field changes, about 2/3 of them being positive 
and l/3 zero. 

In the intermediate range between 5 and 12 kms 
distance the tendency was for the initial interatroke field 
changes of a flash to be positive changing to negative 
between the later strokes. 

The above distribution of sign of Interstroke field 
changes at short range are in support of the suggested 
mechanism.of the J process. 


Effect of continuous discharge to ground. 

A continuous discharge to ground during the intervals 
between the intermittent strokes of a flash brings negative 
charge to earth and will thus contribute a positive component 
to the interatroke field change at all distances. 

Brook, Kitagawa and Workman (1962) have carried 
out a detailed study of continuing currents by simultaneous 
olectrlcal and photographic observations In New Mexico. 

They find that a continuing current flows to ground in 
about 25^ of interatroke intervals. 


THE INTER3TR0KE FIE ID CHANGES DUE TO DISTANT FLASHES, 

At distances beyond 20 km, 3 field changes although 
small should be positive so that it would have been expected 
that most of the Interstroke field changes in this range 
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would be positive. S uc h Is not the case, however. 

In England .Pierce (1955) found that only 25% of 
such Interstroke Intervals showed positive field changes 
whilst In the remainder no field changes could be detected. 

The above percentage of positive field changes agrees with 
the frequency of occurrence of continuing currents In New 
Mexico, so that It may be assumed that large positive 
interstroke flold changes observed at groat dlstancoo are 
mainly caused by continuing currents In the channol to 
ground. The contribution by the J process may be so small 
as to k)© undetflctftblo* 

At Johannesburg the distribution of sign Is somewhat 
different. At distances between 25 and 100 km, 19^ of 
Interstroke field changes are positive. Here too, these 
field changes may be ascribed to continuing currents. Of 
the remaining field changes, however, 37% are zero and 44% 
negative. fig. 1 shows three examples of flold 

changes oT flashos In the 50 km range. In (A) a positive 
Interstroke field change Is followed by 4 negative lnteretroka 
field changes. All the Held changes are relatively small 
compared with those due to the preceding return strokes. 

The sequence of sign In this type of flash Is not random 
but follows In the order positive, zero, negative, except 
for the occasional random occurrence of an exceptionally 
large positive field change which Is obviously due to 
continuing current. 

Of far less common occurrence are the field changes 
shown In (b> and (C) where negative Interstroke field changes 
are comparable in amplitude with, and may even surpass, the 
preceding return stroke field changes. The occurrence at 

large /..... 
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large distances of negative Interstroke field changes at 
Johannesburg and not In England Is possibly connected with 
the large vertical extent of thunderclouds at the former 
locality which is situated on an extensive plateau 1800 
metros above MSL. 

As outlined above , ^ho basic data on which to base 
a theory for explaining the negative field changes are 
scanty but It appears that, the effect can be explained In 
terms of a readjustment of space charge above the top of 
the cloud. A possible theory will now bo brlofly outlined. 


THEORETICAL STUDY OF SPACE CHARGE EFFECTS. 

Consider unit volume of air above a thundercloud 
at an altitude ^ above the ground. 

I.et the conduction current bo ^ , the 

potontlal tp , field £ , conductivity <r and 

density of charge f , 

If tho field Is not too high 


= cr £ 


V Cf = “ U-TTf 

E = grad <p 


it follows that 


giving 


v 1 ^ = - dl v(i/<r) 

4.1Tf = i + ( 3ra4 '/<r)« C %) 


for steady state conditions, dlv « o so that 


Approved for C06461858 





C06461858I 


Approved for I 


7709m C06461858 


ll-ir f = ( '/<r\ (fz) 

since the conductivity Is constant In the horizontal plane , 
we get 

f - &CVw] c i .“> 


Gish (1944) has shown experimentally that in fair weather 
t/cj- can be empirically expressed as the sum of three 
exponential terms. Two of these can be neglected at high 
altitudes, so that for the region above tho cloud his 
equation may ba written 


/a- »o-37e 


-p/13 


ohm. cm, ^ being In km. 


If It Is assumed that the thundercloud does not alter the 
conductivity of tho air above It (Olsh and Walt 1950), 
oquatlon (?) becomes 


ow 2 c 

f 


A similar expression was derived In a rather more lengthy 
way by Hoizor and Saxon (1952) 

It follows then that the space charge density at 
a point In the air above the cloud Is proportional to the 
electric field at that point. 

Uelng equation (3) it is possible to obtain an 
approximate estimate of the distribution of space charge In 

a /. 


ADDroved for FUNSe/^$tFfl£0 C06461858 









C06461858 


Approved for f%lg§§fef26T770Srt1 C06461858 


a vertical column above the cloud and to calculate the field 
change producod at a point on the ground by the relaxation 
of apace ctiargo after the occurrence of a stroke to ground. 

Temura (1954) expanded the theory of Holzer and 
Saxon to provo that the difference in the recovory curves 
after an intra-cloud discharge for near and distant flashes 
could be explained by taking into account the readjustment 
of space charge above the cloud after the occurrence of a 
flash. Tamura's expressions for the field component of 
the space charge will also be used in what follows. 

The intorstroke field change duo to the space 
charge effect will be called the U flold change. A 
stroke to ground removes negative charge from the cloud so 
that of equation (3) becomes more positive and the 

U field change will consequently be negative at all distances. 

To circumvent the uncertainty in estimating the 
magnitudes of Uio cliargos involved in tho discharge processes, 
l,lui ratio u/J of the respective field changes was colculntod 
assuming arbitrary valuos for the charges. Furthermore , 
it was assumed that the ratio U/j is unity at a distance of 
20 km. .lustil'ication for this assumption depends on the 

experimental observation that at distances up to about 
20 km the interstroke field changes correspond in sign with 
the expected J field changes whereas at larger distances 
this la no longer the case. 

The variations of tho ratio U/J with distance, 
starting from 20 km, are shown in figs. 2 and 3. 

In fig, 2 tho J process advances from 4 to 5 km. 
altitude and in fig. 3 from 7 to 8 km. The former thus 
represents conditions at the commencement and the latter 


those at the end of a flash with several strokes. 
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Curves A have been calculated on the simple 
assumption that the U charge disappears from the top of the 
cloud at 12 kn altitude as first tentatively suggested by 
Maian and ochonland (1951). Since these curves are 
approximately parallel to the abscissae they 3how that 
removal of charge from such a low altitude doe3 not account 
for negative Interstroke field changes. 

Curves B wore calculated by the simplified method 
outlined abovo and represent the effect of the adjustment 
of space chargo In a column reaching from 20 to 30 km 
altitude and taking place artor a stroke. 

Curve C was calculated from Tamura's equations 
which assume that trio space charge Is distributed from the 
top of the cloud to Infinite height. 

The difference between curves B and C Is not 
significant except In the range 20 to 30 km where curve B 
seems to fit the experimental observations somewhat better. 

Both curves show that at large distances the neg¬ 
ative U field chango can be much largor than the positive 
J l'lold change. 

Ej of equation (3) Increases In a steplike 
fashion after each partial discharge with the result that 
the U field change also Increases. This can account for 
the observation that the interstroke field change is often 
positive or zero after the Initial strokes and boeomos 
negative aftor the later strokes of a flash. 

As Brook, Kitagawa and Workman have pointed out 
the J field changes become very small at a distance of 50 km 

from /... 
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from which It follows that the curves of figs. 2 and 3 
do not account quantitatively for the relatively large 
negative field changes shown In fig. 1 (ft) and (tf). 

It Is possible that the field above the cloud 
occasionally becomes so large that equation (1) Is not 
valid and the outlined theory brealt3 down. This may 
conceivably happen in a cloud of large vortical extent 
where the main positive and negative contras are widely 
separated so that flashos to ground are moro frequent than 
Intra-cloud flashos. When the records shown In flg.l 
B and C were obtained^flashes to ground were 2 to 3 times more 
frequent than cloud flashes. 

In the extreme case, the field above the cloud 
may become high enough to Initiate a glow discharge botwoen 
the spaco charge and the lonosphero (Malan 1037). In this 
case tho conductivity of the air above the cloud will lncroase 
and cause a decrease In tho relaxation time thus giving 
large and rapid U 1'lold changes. 

Tt will be Interesting to detormlne whether 
the rare largo negative field changes Iiave any connection 
with solar flares whlchcause Increased Ionization In the 
D layer of the Ionosphere. 
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Types of Lightninx 


N. Kitagawa 


Introduction 


Tbe mechanism of lightning discharge can best be studied by the 
simultaneous measurement using photographic and electric-field record¬ 
ing technique. Lately in New Mexico lightning measurements on this 
line with improved technique have been done extensively. The result 
thus obtained have revealed new aspects of lightning discharges as 
well as the detailed structure of the discharge mechanism. (Kitagawa, 
Brook and Workman, 1962; Brook, Kitagawa and Workman, 1962) 

Based mainly upon these results, the author will try to depict 
the picture of the lightning, pointing the accompanying unsolved 
problems at the same time. 


Terminology 

The author adopts the terminology of siionland (1956) in describing 
the various processes in the lightning discharge. A flash is a light¬ 
ning discharge in its totality. A stroke is a partial dischange con¬ 
sisting of downward-moving return streamer. A flash may consist of 
a single stroke or a series of strokes in the same or an adjacent 
channel. A M component is a sudden enhancement of the continuing 
luminosity which occasionally follows a stroke in the channel (Malan 

i 

and ^honland, 1947). The M components are not preceded by leaders. 

Long-continuing luminosity is arbitrarily defined as luminosity 
which persists in the channel for a time longer than 40 msec i.e., 
luminosity which lasts as long as or longer than the usual stroke 
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interval. A stroke followed by such luminosity wil1 be called a long- 
continuing stroke. Occasionally a stroke is followed by continuing 
luminosity which lasts less than 40 msec; such a stroke will be called 
a short continuing stroke. A stroke whose luminosity decays abruptly 
will be called a discrete stroke. A K change is a small, rapid elec¬ 
tric field change which occurs in the intervals between and after the 
strokes of a multiple stroke flash ( Kitagawa, 1957; Kitagawa and Brook, 
1960 ). The K changes are generally associated with streamer activity 
within the cloud. There is a slow electric field change which occurs 
during the interval of continuing luminosity, this will be referred to 
as a continuing or C change to distinguish it from the junction or J 
change which occurs without the accompanying channel luminosity between 
or after the strokes. 

In analogy with the difinitions given by Malan (1954), a lighting 
flash which involves one or more continuing strokes is called a hybrid 
flash. A flash which involves discrete strokes or short continuing 
strokes is called a discrete flash. Cloud-to-Ground, in-cloud and 
cloud-to-cloud discharges will be referred to by the symbols, C-Q, 

I-C and C-C discharges respectively. A cloud-to-clearair flash is 
called a air discharge. 

General nature of C-G- discharges 

As a result of New Mexico lightning measurements it has been found 
that hybrid flashes i.e. flashes involving one or more long continuing 

strokes are found to be observed very commonly in G-Q discharges. 

- 2 - 
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In multiple flashes which constitute 86 per cent of all C-Cr discharges, 
the occurrence rate of discrete and hybrid flashes is about fifty to 
fifty. The percentage of single flashes with long continuing luminos¬ 
ity is exceptionally low (only 2 of 193). The long continuing strokes 
does not either occur as the initial stroke of a multiple flash. 

Figure 1 is a comparison of the luminous events of a discrete and a 
hybrid flash as recorded by the moving-film camera and by the electric 
field and electric field-change records. In the schematic represen¬ 
tation of the luminous events, a straight, vertically oriented channel 
is assumed. The electric field record represents the actual varia¬ 
tion of electric field, whereas the electric field-change record 
emphasizes the rapid components through the use of an antenna with a 

*r 

short time constant and a high amplification. Both of the flashes 

are about 20 km distant from the recording station. It can be noted 

in Figure 1 that the magnitude of slow electric field changes (J changes) 

is very small or practically zero during the intervals of non-luminosity 

between strokes of both discrete and hybrid flashes. On the contrary, 

it has been found that a large positive, slow electric field change 

(C change) is always associated with a continuing luminosity on the 

photographic record. The average munber or strokes per flash in 

both discrete and hybrid flashes is 7. If we include the single 

flashes, the average number of stroke per flash is 6. Thus the num- 

to 

ber of strokes per flash has found be appreciably larger than the sta¬ 
tistics by Schonland (1956) based upon electric field-change records. 

It is not uncommon to find several strokes which produce field-changes 
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of 1/10 to 1/20 of the field change caused by the largest stroke. 
Without the positive identification of the leader-return combinations 
on the high speed photographs, it is highly probable that R changes of 
such small magnitude might have been interpreted as K changes or over¬ 
looked. 

Malan (1954) found that the large slow field change of the same 
nature as defined C change here, often occurs as a final stage of a 
multiple flash which involves fewer stroke elements. In New Mexico 
measurements such a hybrid flash found to be observed more frequently 
that its earlier stage is very aimjhillar to that described by Malan 
but involves one or more stroke elements of very small R changes in 
its very late stage. 

In England Pierce (1955 a) sometimes recorded S(0) field change. 
The field change of this type can reasonably interpreted as a conti¬ 
nuing current field change in which the stroke field change initiating 
the C change is barely discernible on the electric field record. 

It is because of the occurrence of such small stroke field changes that 
the number of strokes per flash appears to be less when counted on the 
electric field records than when measured on the high speed photographs. 

While the duration of long continuing luminosity varies widely 

as shown in Figure 3, the duration of the no-luminous interval i.e., 

o\ tA* pn-fi di-M.'i 

the interval from the end of the luminosity^to the following stroke 
tends to fall in certain limited range around 80 msec (from 50 to 200 
msec). Though the duration of a no-luminous interval appears to be 
longer than a usual stroke interval, the value still lies within the 
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range of discrete or short stroke intervals (5 to 180 msec). 

The methods and assumptions used in calculating value for the 
charge which is brought to earth by individual discharge elements of 
a flash are described and discussed in detail by Brook, Kitagawa and 
Workman (1962). Here the method will be outlined. The electric 
field change due to a lightning stroke measured at the surface of 
the earth is given by 


^ E 


10 


2 Or Mr _ 


where iE is in volts/cm, Q R is in coulombs and H R and D are in km. 

D is the horizontal distance from the field meter to the flash and 
H r is the vertical height to the assumed center of change Qg . 

The hight H K is determined by 

H r — h t f p 

Where h is cloud base hight, t* is the total duration of the dart 
leader measured on electric field change records and tp is the time 
for the dart leader to travel from the cloud base to ground determined 
by photographic records. From the first equation, with the measured 
value of He , D and •a E, the charge Qr can be written 

= Agfp’t ( h t t /t r ) J 3 3/j 

a l?0 hte/tp 

The above erathod is also applicable to the continuing current intervals, 
Let H 1 and be the heights determined for two successive strokes 

between which a continuing current to ground was evidenced on both the 
electric field records and the photographs. The charge Q c is assumed 
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to be centered at H 


C , a distance midway between the tops of the two 


return stroke channels; i.e., 

H c = -j ( H, + H ^ ) 

The corresponding slow electric field change A E is then measured, 
and the charge Q 0 is calculated. 

The negative charge (no strokes carrying positive charge to earth 
were observed) lowered by individual stroke is shown in Figure 2(a) 
and 2(b) in two histograms showing the number of occurrences of strokes 
in which charge was (a) lowered by strokes which were preceded by 
stepped leaders and (b) lowered by strokes preceded by dart leaders. 

A striking contrast is seen to exist between the two types of strokes. 
The minimum charge lowered by the strokes associated with stepped 
leaders is 3.0 coul; for the others a minimum value is 0.21 coul. 

Both of the histograms exhibit a sharp cut-off at their minimum end. 

The most frequent value oT charge brought down by first strokes lies 
between 3 and 4 coul;for subsequent strokes the most frequent value 
lies between 0.3 and 1 coul. For single flaWs the average value 
of the charge lowered was calculated to be 4.6 coul. The charge 
lowered by the continuing current is shown in Figure 3 as a plot vs. 
its duration. The maximum duration of a continuing currne* interval 
was found to be 300 msec. The greatest amount of charge lowered 
during one of these long intervals was 31.2 coul. Though both the 
amount of charge and the duration vary widely, the plot shows that 
the average current i.e.,the charge devided by the duration tends to 
be far less variable from current to current. It ranged from 38.4 
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to 130 amp around the mean value of 79.2 amp. Thus the continuing 
current turns out to be very efficient agent for carrying the cloud 
charge to earth. Because of this agent the total charge lowered by 
a hybrid flash is remarkably larger than that lowered by a discrete 
flash. The calculation shows that the average values for a discrete 
and a hybrid flashes are 20 and 34 coul respectively. 

The result of the calculation of the charge center hight for each 
stroke element is shown in Figure 4 as a plot vs. the stroke order. 

The figure shows the definite tendency that the hight of charge center, 
exactly speaking, the length of the stroke channel increases from 
stroke to stroke. The most frequent height difference for the dis¬ 
crete flash is 0.3 km. The value for the discrete intervals of the 
hybrid flash is also 0.3 km. The continuing-current intervals are 
most frequently associated with a value of 0.9 to 1.6 km. Figure 4 
euggests that hybrid flashes usually involve greater cloud volumes 
than do discrete flashes. 

Continuing currenttand the junction Process 

With the realization that the continuing currents to earth often 
occupy the intervals between strokes previously assigned to in-cloud 
processes alone (i.e. J changes), it is desirable that we reexamine 
the interpretation of the inter-stroke field changes, as discussed by 
Malan and Schonland (1951 b), Malan (1955) and Pierce (1955 a.b) 

Table 1 shows the electric moment change 2HQ associated with a 
flash, a stroke, a long continuing current and a J process, obtained 
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Electric Moment Change Associated with a Flash, 
a Long Continuing Current and a J process 


Discharge 

Electric Moment 

Change 2HQ (coul km) 

Flash 

248 

(average) 

Stroke 

22 

(average) 

Long Continuing 

Current 135 

(average) 

Junction Process 

1.62 

(maximum observed value) 


a continuing channel luminosity on the photographs turns out to be 
remarkably small. As shown in Table 1 the maximum change was found 
to be 1.62 coul km. Large slow field changes doee occur, but 
invariably the photographs show these to be associated with continu- 
ing current to ground. When we consider the average change in 
moment associated with the flashes in this study is 248 coul km 
(Table 1), it is not surprising to find that the J-change moment, 
having values much less than 1.6 coul km, are not detectable. 

Taking the maximum value as 2 coul km, we see that the J process 
produces a change in moment which is about 10 per cent of the average 
change in moment for strokes (22 coul km), and about 1 per cent of the 
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average change in moment for continuing current# (135 coul km). It 
is now clear that the value 2HQ = 50 coul km used by Pierce (1951 b) 
for the J change in moment is really to be associated with the C change. 

We shall assume that the most favorable conditions of noise allow 
the measurement of slow field changes of magnitude 10 3 of the earth's 
fair weather field, i.e., of magnitude 10 3 volt/cm. Using the value 
1.6 coul km for the upper limit of the J change in moment, we calculate 
that the maximum distance at which a J change will produce an electric 
field change of 10~ 3 volt/cm is 52 km. Since only a C field change 
is expected to be detected as a slow electric field change on the rec¬ 
ord beyond this distance, it is highly probable that most of the J 
changes reported by Pierce (1955 a) for distances between 50 and 90 
km were produced by continuing currents to ground. He was able to 
measure slow field change in approximately 25 per cent of the inter¬ 
vals between strokes and for the remainder no variation in field could 
be detected. This figure of 25 per cent is reasonably consistent 
with our own statistics for the occurrence of continuing currents in 
lightning discharges. These statistics also reinforce the conclu¬ 
sions that C changes, and not J changes, are detectable for distances 
beyond 50 km. A new process involving a discharge from the cloud 
top to the high conducting layers was postulated by Malan and Schonland 
(1951 b) and Malan (1955) to explain the apparent absence of J changes 
in the measurements of Pierce (1955 a) and Malan (1955) for distant 
storms (20 to 150 km). Since we now see that the absence of J 
change is actually to be expected for distances beyond 50 km, the com- 
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peneating process (a discharge to the upper air) is unnecessary. 

Also, it appears that it is not nesesaary to postulate a difference 
between thunderclouds in England and in South Africa (Pierce and 
Wormell, 1953). 

During the interval between successive strokes of a multiple 
flash, there found to be two different stages of channel conditions, 
a continuing luminosity stage and a non-luminosity stage. We have 
done some experimental approach to the luminous conditions, but the 
channel condition during no-luminous intervals remains entirely un¬ 
known. A number of problems concerning this channel condition 
should be the subjects of future studies. For instances, what is 
the amount of the dark current in the channel? How the J process 
is connected to the ground? How such a conductive condition is 
maintained in the channel that allows the dart leader of a subsequent 
stroke to follow the same channel.T 


M components and K changes 

During the continuing luminosity M components are found to be 
associated with field changes similar to K changes on electric field- 
change records as can be seen in Figure 1. Seperations of M compo¬ 
nents are very small and tend to increase very rapidly with elapsed 
time within the first 15 nsec from the return stroke. 

Later on this tendency desappears and M-component intervals exhibit 
no dependence on the elapsed time. Figure 5 (a) shows the frequency 
histogram of M-component intervals in this later stage of continuing 
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luminosity. For the comparison the frequency histograms for K changes 
in discrete intervals of G-C discharges (b) and for K changes in I-C 
discharges (c) are sliown in the figure. 

So far the luminosity continues in the channel, streamers connected 
to the channel keep developing within the cloud into the flash charged 
region. The M components is the presentation of the current surge 
in the luminous channel produced by the momentary increase of the 
cloud charge supply. Thus, the occasional appearance of M components 
in a continuing current is considered to be the reflection of the non- 
uniform distribution of charge in the cloud. The similarity in 
three histograms (a),(b) and (c) in Figure 5 also suggests that M- 
component intervals and K-change intervals both in discrete stroke 
intervals oT C-G discharge and in later stages of I-C discharges are 
all controlled by the same conditions, by the conditions attributable 
to the cloud structure, not by the conditions of the discharge process. 
Ogawa (1962) calculated the average developing velocity for the stream¬ 
ers associated with the long continuing current to be 1.6 K 10 & cm/sec. 
This value, combined with the most frequent M-component interval of 
6 msec, gives the linear dimension of 100 M for the spacing oT the 
densely charged regions in the cloud. This dimension can be com¬ 
pared reasonably well with that of the unit cell of the convection 
suggested by Heynolds (1954) i.e., the microstructure in the so-called 
cloud cell, evidenced by the radar echoes of the strum or by the visual 
observation oT cumulus towers and striation in the rain sheet. 

The K change is a rapid luminous small scale discharge within 
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the cloud. Usually the duration is leas than 1 msec und the moment 
change involved varies from a few hundredth to about 1 coul Km. 

Ogawa's (1962) analysis based on New Mexico measurements shows that 
the main discharge process which constitutes the K change is the rapid 
flow of the cloud negative charge into an already existing channel. 
Comparing the discharge processes associated with M components with 
those produces K changes, there seem to be no essential difference in 
the way of the streamer development within the cloud. A junction 
or J process described by Malan and Schonland (1951 b) is now reason- 
ably interpreted as a whole series of K-change discharges involved 
in a stroke interval. The J change turns out to be the smoothed 
trace of the electric field record which actually consits of a number 
of very small K-change steps during the non-luminosity interval of a 
multiple C-G flashes. 


Nature of I-C discharge 

Figure 6 shows a typical example of electric field and electric 
field-change records of a I-C discharges. The records is usually 
divided into two different portions; the earlier active portion and 
the later portion. The later portion of field and field-change 
records are very similar to those between strokes of a C-G discharge 
i.e., J or C field changes; K changes follow each other on the electric 
field-change record with the identical time intervals with those of 
K changes and M components in C-G discharges (Figure 5). 

During the earlier portion pulse activity is much higher; amplitudes 
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of some of pulaes are much larger and pulses are spaced so densely 
that quiescent intervals are seldom recorded. Occasionally an 
earlier active portion may be preceded by a leas active portion, 
called an initial portion, which is characterized by pulsations of 
high repetition rate and of relatively small amplitude. The rate 
of the moment change estimated on electric field record is generally 
higher during active portions than during later portions. 

The electric field and electric field-change records of a later portion 
obviously show that the discharge mechanism is essentially the same 
as that of discharge processes which take place in the cloud during 
the intervals of a multiple C-G discharge. Though there ia no strict 
distinction between the discharge of the M-component type and of the 
K-change type in the case of a I-C discharge, the discharge mechanism 
is considered to be closer to that of the continuing current interval 
of a C-G discharge, because the moment change in this portion is gen¬ 
erally larger than that in the discret stroke intervals (i.e. J field 
change). And it is highly probable that continuing channels of con- 
lidarable length are usually established in a later stage of a cloud 
discharge as occasionally evidenced on moving camera records of C-C 
or Air discharges. Occasionally a moment variation in a K change is 
appreciably larger compared with that in C-G discharges. 

A measurement by Ogawa (1962) shows that for the I-C discharge the 
average moment change associated with the K change is about 6 coul km 
and the charge involved is estimated to be 2 coul. The average 
current during the change is 2000 amp. 
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A very frequent occurrence of pulses in an active portion appar- 
entry suggests that a number of different streamer channels develop^ 
in the cloud at the sane time or with slightly different time phases. 
Sometimes the development of relatively small scale streamers is 
repeated for the duration of some 50 to 100 msec before the burst of 
larger streamers takes place (an initial portion). At present quan- 
tative informations about streamer processes in an initial or in an 
active period of the I-C discharge are not available. However, we 
can point out one aspect of the initial stage of the I-C discharges. 
Regardless the discharge starts with an initial portion or immediately 
with an active portion, the pulse activity is much more irregular than 
that recorded in the very beginning stage of the leader field change of 

C-G discharge, both length of pulse intervals and pulse amplitude tend 

l.uib -.f n.i 1 d 

to be larger and more variable in the first several mm — compared with 
those in the later stage. Still the regularity in both period and 
amplitude well reflects the step-wise development of stepped leader 
streamers. In fact the pulse intervals during this stage lies in the 
range from 10 to 150 /A.sec. On the contrary for corresponding initial 
stage of the field change of a I-C discharge, pulse intervals spread 
over the extremely wide range from 10 /u\. sec .to several msec. Rulse 

intervals along with much irregular pulse shapes indicate that the 
mechanism of the associated discharge is entirely different. While 
the initial breakdown of a C-G discharge takes place in the water 
droplets region of a cloud, the initiation of a I-C discharge starts 
at much higher altitude where the cloud consists of ice particles and 
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A very frequent occurrence of pulses in an active portion appar- 
entry suggests that a number of different streamer channels develop^ 
in the cloud at the same time or with slightly different time phases. 
■Sometimes the development of relatively small scale streamers is 
repeated for the duration of some 50 to 100 msec before the burst of 
larger streamers takes place (an initial portion). At present quan- 
tative informations about streamer processes in an initial or in an 
active period of the I-C discharge are not available. However, we 
can point out one aspect of the initial stage of the I-C discharges. 
Regardless the discharge starts with an initial portion or immediately 
with an active portion, the pulse activity is much more irregular than 
that recorded in the very beginning stage of the leader field change of 
C-G discharge, both length of pulse intervals and pulse amplitude tend 
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to be larger and more variable in the first several m ii ee compared with 
those in the later stage. Still the regularity in both period and 
amplitude well reflects the step-wise development of stepped leader 
streamers. In fact the pulse intervals during this stage lies in the 
range from 10 to 150 /-'.sec. On the contrary for corresponding initial 
stage of the field change of a 1-C discharge, pulse intervals spread 
over the extremely wide range from 10 ^aec to several msec. 1'ulse 
intervals along with much irregular pulse shapes indicate that the 
mechanism of the associated discharge is entirely different. khile 
the initial breakdown of a C-G discharge takes place in the water 
droplets region of a cloud, the initiation of a I-C discharge starts 
at much higher altitude where the cloud consists of ice particles and 
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super-cooled droplets of very small size. The author suggested that 
the difference between the two initial breakdown processes is attrib- 
table to the difference in the breakdown impedance affected by the 
above two different enviromental conditions i.e., the difference in 
the relative populations of water drops and ice particles in the cloud 
(Kitagawa and Brook, I960). In uddition to the difference in the 
breakdown impedance, it is probable that the kind of breakdown stream¬ 
ers, positive streamers mostly, not negative streamers and the config¬ 
uration of channels, extensively branched or separated into a number 

o-f the iV»it»o£. 

of channels will account fol* the different character in th e v e py -e aply 
stage o-f 44»e—f-ic l d ch ang e of I-C discharges. 

*e have tried to depict the nature of the I-C discharge in the 
comparison with the C-G discharge. As to discharge processes, 
however, which take place entirely in the cloud, we have very little 
quantative informations. For the further study of the lighting 
discharge, cuantfative measurements of these processes are desired, e.g. 

ri initial breakdown streamer i recess, h streamer process in an active 
portion, a K-cLurij e rocces and a streamer process of continuing luminosity, 
one ppproech !'or these ..ill be simultaneous measurements by field ir.etera 
cf high tjme-resolution at eeverul stations on the surface. 
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Lightning Protection 


D. Muller-Hlllebrand 


Institute of Hlgh-ten3lon Research, Unlveraity of Uppsala, 

Uppsala, Sweden 

Physical research on lightning and the practical application of Its 
results are intimately related to each other. The demand for security 
against damage by lightning has greatly stimulated research. Lightning 
discharges affect buildings, power lines, machines and equipment, and 
telecommunications systems. They can cause damage to aircraft and during 
tunnel blasting deep down in a mountain. They kill and injure living 
creatures and cause fires and accidents. All this ha3 given rise to 
innumerable investigations and publications in the majority of civilized 
countries in v.hich lightning is a problem. Summaries on lightning pro¬ 
tection matters have often been published. An early work by Ooodlet (1) 
deals with questions such as the shattering of poor conductors, damage 
to buddings, oil-tank fires, damage to aircraft and effects on living 
creatures. A more recent work by McEachron (2) gives, in the first , 
place, an account of protective measures for communications and power- 
-supply systems. The present report can only give a limited survey of 
such protection questions oo have Btill not been completely elucidated; 
they relete, on the one hand, to physical phenomena and, on the other, 
to statistical mid probability investigations,which are often connected 
with financial problems. 

The publications from, the Golden Age of lightning research - from 
about 1750 to 1780 - often show acute observation of nature in connec¬ 
tion with protective measures. As an example, T quote two observations 
by Benjamin Franklin which touch on quite topical^questions. The first 
showa his view of the limited protective range of an elevation rod - 
a question which is always being discussed. In "Poor Richard's Almanac" 
for 1753 Franklin writes: 
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Pl ,. vW ,, o gmail Iron Rod (it may tie made of the Rod-Iron used by 

2 U “a£ing lure .Ions the 

Ridge from one to the other. ... 

The instruction Is later repeated in Franklin's 24th letter (3). 

The second observation makes clear the protective effect of a thin 
wire, in a case which Is topical today, as regards finance. The church 
at Newsbury In new England had been badly damaged by lightning in the 
summer of 17S4. Franklin gives a detailed account of the destruction. 

I reproduce extracts from his letter to Dalibard (3): 

T ? „ ,plr. (or wco», t r..oh, ; « 70 fS5» 

In Indirection, over the 3Tuare 

nothing remains above J‘ lrl g’was exceedingly rent and damaged, and 

t iome%toneS e in r the d foundation wall torn out and thrown to the distance 
of twenty or thirty feet. ... 

The central portion was not damaged. The lightning current had 
destroyed a thin wire which connected the clapper of the bell to the 
clock mechaniem 20 feet away. The flash was conducted to the pendulum 
wire, which had the thickness of a goose quill. Franklin draws the 
fol 1 owing conclusions: 

i ii'hnt nrriifiinc. in its passage through a building, will ^ ee Y® 
as it can in metal, and not enter the wood again 
tiU ^conductor of metal ceases. And the same I have observeo in 
other instances, as to «al-s of brick or stone. 

3. * he si. 

“ro“'tL V 'S.fr;».r y .n bile. the end of the clock pendulum, 

_ - t Q _ thi , orantitv was, it was conducted by a small wire and 

. !21»« «*•» 30 f " •• 

they extended. 

4 The pendulum rod,being of a sufficient thickness, conducted the 
1 Ijjhtninp*wlthont dnuatT« to itself: but the small wire was utterly 
destroyed. 

6. „,,u,-h the email »lre ... Uo.lf d..tr„ y .d, „.t it h.d conducted 
the lightning with safety to the building. 

, And from the whole it seems probable that, if even such a small 
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r (efo vi- concluding this short historical survey, I show (Pig. l) one 
of th- earliest 1 igltnlng-cond.ictor drawuga ever published - a lightning 
conductor designed by Torbern Bergman for a building In Uppsala, Sweden, 
in 1705. 7ven at that period the special Instruction is given that 
large metal parts in the building should be connected to the lightning 

conductor (4). 

The Lightning Path near the Ground 

Space charges between cloud and earth greatly affect the lightning 
path. A visible proof of this is the "Type £ leader" according to 
Schonland (5, 6), which has a high velocity (more than 6 x 10 7 cm/aec = 

= 600 n/ms) between the base of the cloud and the space-charge layer 
(first stage) and a low velocity (about 1 x 10 7 = 100 m/ms) ond often 
a ^renounced fork in its further career to the ground (second stage). 

' About 30’?. of the leaders In South Africa showed thlB phenomenon (7). 

The chnrgen in the water-vapour cloud are transported to and distributed 
over the souce-chnrge cloud. These charges consequently become "over- 
-neutrailzed". The leader's space-charge channel receives additional 
charge and thereby he 3 a greater volume than It would have had If the 
space-charge layer had not existed. On the return stroke the lightning 
channel accordingly receives a substantial additional charge. The 
current otrength la increased. The course of the lightning current, 
according to larger (8), who recorded it on the summit of Monte San 
Salvatore, shows that a current maximum is reached after 5-lO^ta. 

The vertical length of the lightning channel after 5-10 /«> is approxi¬ 
mately 400-1200 ra (5). The order of magnitude of the distance between 
the space-charge cloud and the^round agrees with the length of the 
leader 'a "second stage" measured by Schonland et_al. At Monte San 
Salvatore the space charges may be particularly heavy. The two 70-metre- 
-high towers on the 600 -metre-high mountain both generate glow dis¬ 
charges in the static electric field. The charges - approximately 1 Coul 
in 10 minutes - may affect the lightning path. The statif’tsics of 
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lightning strokes to ground show this clearly (9). The annual number of 
lightning strokes to these towers is 1J. Tf this is converted to 10 
lightning daysf corresponding to an isocerannic level of 47 lightning 

days) we obtain 6,2 strokes per year, the same order of magnitude as 

J) 

--•n the tmflre "tate building in "ew York and approximately 25-75 times 
greater than on a 70-metre-high tower on level ground (10). 

Hew a leader develops near the ground is not known in detail. To 
calculate the field strength on the ground near the leader certain 
assumptions have to be made as to th: charge distribution in the leader 
channel. Schonlaud assumed that the charges are evenly distributed 
over the length of the lender (b). brace and Oolde (11), on the other 
hand, assumed that the charges decrease exponentially with height, 
corresoonding to e _ ^^0. The constant hg is between 54 m and 143C m. 
Pierce (12) points out that the line density of charge along the channel 
cannot he uniform. It is probably greatest towards the middle portions. 

Tn the immediate vicinity of the cloud the charges are 9light, as the 
notential difference is cooperatively small. At the ground end the 
potential difference is great, but the time Is not sufficient for the 
extensive production of charge, Grlncom (13) evolved a theory according 
to which the snare charges at the end of the lender urn concentrated In 
a ball with a relatively large diameter. The rrasnifor' his discussions 
was an unexpectedly large number of flashovers in a high-tension network. 
Pig. 2 shows the cherge distribution according to these different 
assumptions. In calculating the attraction distance between the leader 
and an object on the ground, the charge distribution in Pig. 2 plays 
an essential part. Thus Golde (14) calculates the distance between the 
leader, accordIng to Pig. 2b, and the ground with different intensity 
values of the space charge for one field strength on the ground. A 
leader charge of 1 Coul, according to Golde, corresponds to a lightning 
current of 20 kA. Distributed exnonentially, with h 0 = 1000 m, this 
charr/e fit a distance of 17 in from the ground generates a field strength 
of 10 kV/em. 'Vith a lateral distence of 15 m, calculated in the same 
way, the field strength is 3 kV/cra and consequently sufficient to start 
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a capture discharge from an object about 20 in high lhe 

attraction distance is thus/l7 2 + 45 2 = 48.1 m. TW*/calculation of the 
attraction distance for smaller space charges and consequently smaller 
current strengths receives support from many observed lightning strokes 
on lower objects adjacent to high objects or horizontally to low objects. 
Pig. 3 shows an example (15), a stroke horizontally on n farmhouse roof 
to the lightning-conductor cable, which was located the width of two 
tricks from the edge of the roof. The damage was comparatively slight, 
a fact which is often observed in connection with such nhenomena, for 
example, in the first •’classical'' 1 ightning 3troke at Purfleet, England, 
in 1777 (18) on the Meeting House of the Artillery College, which was 
furnished with a lightning arrester. The lightning did not strike the 
rod but struck an iron corner clamp above the cutlers. The tip of the 
rod formed a protective angle of 31° and was 14 m from the point struck. 
Here also the damage was insignificant, but the fact that a lightning 
conductor with a protective angle of 31° could not prevent it caused a 
great sensation at the time, without it being possible to give any 
explanation. 

The protection of high-tension lines against direct lightning strokes 
with the aid of earth wires Is an important technical problem which has 
given rise to many investigations, both theoretical and experimental. 
Davis (17) took up afresh the problem of calculating the protective value 
of these earth wires and consequently the frequency of lightning strokes 
to high-tension lines. He calculated the flashover voltage between the 
end of the leader and the ground with the aid of an impulse flashover 
gradient based on extrapolated experimental valueB. He determined by 
geometrical calculations the effectiveness of the ground wires' shielding 
angle in relation to the high-tension line. The shielding angles ranged 
from 45° to 15°. With a shielding angle of 45° in an earth wire at a 
height of 20 m, flashes with a current strength of over 37 kA would be 
intercepted by the earth wire. With a shielding angle of 20° the corres¬ 
ponding current strength is 20 kA. It can be deduced from the statls- 
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tlcol distribution of lightning currents that the number of lightning 
Btrokes to the transmission line would be reduced from about 40% to 17% 

(10 to 4.25). This does not tally with practical experience. The quan - 
titative calculation is dependent on very approximate assumptions as to 
the distribution of .the charges in the leader. The geometrical method 
cannot take into account metre-long corona discharges which are generated 
from the cables and alter the geometrical picture. 

Grlndley (l8) calculated the magnitude of the charges bound on earth 
wire and on phase conductor by the leader in some distant part of the 
wires. Equality of charges is taken as a condition in which both wires 
are equally likely to be struck. 1 he charges are calculated from the 
field due to the leader and it is shown that equality of charges corres¬ 
ponds to both wires being at the same equipotential of the leader. 
Calculation suggests that shielding is normally adequate for conductors 
in a wedge, of which the apex line is the earth and of ser.ii-vertical 
angle 45°. At a shielding angle of 45° an earth wire would consequently 
offer perfect protection. Pig. 4 allows that this does not agree with 
experience. This figure is a collocation of lightning faults in high- 
-tonslon lines operating at 275-400 kV and a few llnoi^below 275 kV with 
a low earth renistance In the pylons. The majority of throe faults 
nrosc from lightning strokes to the line. The values are derived from 
a tabulation by Kostenko (19) and hnvo been Converted to a line length 
of 100 km, 1('0 lightning days and a line height of 30 m. According to 
this tabulation, the faults are reduced from about 10 to 0.25 when the 
shielding sng’e is reduced from 45° to 20°. In addition to Kastenko's 
values for protective lines about 30 m high, the values published by 
Burgsdorf (20) for 220 kV, 150 kV and 110 kV lines in the USSR are also 
reproduced (Pig. 4). Ihese liner, hove an average height of 15 m. The 
original values have been converted from 30 lightning hours (= 20 
lightning days) to 100 lightning days. The number of lightning strokes 
to the phase conductor increases very substantially with increasing 
shielding angle. The risk of a stroke Increases approximately quadra- 
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tically with the height of the object (10). If these values, which were 
established for lines 15 m high, ore converted to a height of 30 m 
by a factor of 4, the agreement Is then satisfactory. 

T. Horvath. (Si) has attempted to avoid the disadvantages of a 
geometrical calculation by means of on experimental model investigation. 

'He determined the probability distribution of the critical distance 
between the lender and the grounded object vith the guidance of Golde's 
calculationa end of the statistical distribution of lightning currents. 

By model experiments on a scale of 1:30 to 1:100 he determined the 
probability of a lightning stroke on the conductor, which was protected 
by an eerth line with shielding angles of 20° and 30°. by reducing the 
shielding angle from 30° to 20°, the number of lightning strokes was 
reduced in the ratio of 10:1 in these model experiments on a scale of 
1:50. This agrees with experience, as shown in Pig. 4. But the problem 
is not thereby solved, as the experiments are based on uncertain assum¬ 
ptions p.s to the criticul distance. The relative amplitude of the pre- 
-discharges in these model experiments is not in accord with reality. 

These model experiments do not reproduce correctly the influence of 
the height of the line on the frequency of lightning strokes. An 
alteration in the scale of the model and thereby the height of the line 
in the ratio of 2:1 results in a change in the stroke frequency in the 
ratio of 30:1 with a shielding angle of 20° and of 10:1 with a shielding 
engle of 30°cmd thtrejore not is ajretmtnt with observed v«loes. 

The question of the influence on the lightning path of corona 
discharges from lightning-conductor points is as old as lightning 
research. This complex of questions includes Dauzere’s inquiries Con¬ 
cerning an accumulation of lightning strokes on a boundary line between 
two different geological formations. According to Dauzere, the emanation 
of rudium from geological discontinuities influences the lightning path ; 
through the ionization of the air. About ten investigations ensued 
shoved a tendency to strive after clop-tr(yp. The question would long ago 
have been laid ad acta if substantial tanttnaag i Interests had not been 
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irivolved in protecting ‘buildings centrally by a single radio-active 
point. The y'-radietion generated by these radio-active lightning con¬ 
ductors can be demonstrated by sensitive instruments at a distance of 

6 

several hundred metres. But the ionization of the air should be 10 to 
10 8 times more powerful than the ionization that can be produced by a 
radio-ective point, to have any possible effect on the lightning path 
(21). Uncertainty in judging electrical effects in thejatmosphere is 
often o result of incorrect measurements. Unfortunately, many investi¬ 
gations made before 1942 are valueless on account of fundamental errors 
in measurement, particularly as regards the electrostatic field in 
thunderstorms. In low-lying land with plants, trees and grass the field 
is limited to values which seldom exceed 10 kV/m. Incorrect measurements 
at a height of 600 m above sea-level at the High Knob station in 

, for example, resulted in field strengths with an average 
value of 200 lcV/m. Ten per cent of the measured values showed a field 
strength of more than 260 kV/m (24). Even with a field of 6-10 kV/m 
all plants produce such intense space charges that the electrostatic 
field se 1 dom exceeds 10 kV/m. With a field of TO kV/m, discharges on 
a man’s fingers ore visible. Only in areas without these "points", for 
example, at sea, can such powerful electric fields arise that 3t. Elmo's 
fire can be formed on a ship. There is consequently a conceivable risk 
of lightning strokes on shins, but with the steel ships of today this 
is no longer of current interest. 

The Lightning Path on the Ground 

The statistical frequency of Ughtningjsurrents and changes is 
fairly well known through many investigations (25). Their probability 
distribution is represented within certain limits by a normal logarith¬ 
mic distribution. T f the percentual number of the magnitude x (current 
or charge) within the limits Ax is denoted by Az, the distribution is 
expressed by 
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Tf the current strength Is calculated for a probability P = 6.1 
end loss, according to (5a) ana (5b), the values given in Table 2 are 
[ ** obtained. Powerful strokes with current strengths exceeding 200,000 A 
occur very seldom. 

The current-heat impulseyi 2 dt has not been systematically’ :, 

investigated. Practical experience is available from investigations 
with a power transmission line from Boulder to bos Angeles (27) carrying 
207 kV in an area with about 30 lightning days a year. Three stations 
ere shielded against lightning strokes by capture towers 50 m high, 
carrying earth wires. These towers and some pylons, 80 towers,in all, 
are furnished with elevation points, magnetic links for current measure- 

1 -\ mvnt end six copper wires connected in serleB (see Table 3). The current- 

-heat impulse values given have been calculated from experimental inve3- 

. 3 J i 

^ tipations by^Foitzlk (28). 

K\ 

Experience over 20 years shows that, in lightning strokes on these 
towers, 1, 2 or 3 wires ere destroyed, never 4. One example mentioned 
is a current strength of 43 kA, which destroyed wires nos. 1-3. On another 
occasion 36 kA were measured^"ithout wire no. 1 being destroyed. Bellaschi 
(29) determined experimentally the connection between the current impulse 
(decreasing exponentially) and the half-value period T^ required for 
fusing co'-per wire: 

I . X 10 5 x A . (6) 

' 7^ 


© 


whe^e A in the cross-section in mm“ and T the half-value period in /*e. 

n * 

With a 36 A peak current which does not fuse 0.81 mm wire, the half- 

-value period, according to (6), is less than 40 ^s. The probability of 

these towers being struck would seem to be at least 0.15 per year. With 

80 towers and 20 years’ experience the probability of the current-heat 

o 

impulse being sufficient to destroy a 2.09 mm“ copper wire ia thus less 
than 0.4f;. 

After 16 years of measurement's at San Salvatore, Berger (9) confirms 
that the current-heat impulse was greater than 1.5 x 10® A ^ scc on flve 
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ocoaslons and greater than 6.4 x 10 6 A 2 a on one occasion. The correa- 
oondlng r-robabilities ere about 0.75* and about 0.15* respectively. 

M These results are collated in Table 4. 

The maximal velocity at which the lightning current increases in 
strokes to the ground (di/dt) has not been so comprehensively investi- 
Gated as-to enable the observational material to be treated statisti¬ 
cally. Direct measurements on tall chimneys, carried out by Kylt^n- 
-Gavanius and .Strandberg (30), showed on several occasions di/dt 
values greater than 30 kA/^ and once a value of about 100 kV/o. 

At 30 kA/^ the inductive voltage drop in a OZL with an Inductance 
of 1.67^/m is 50 kV/m. Oscillographic measurements of the lightning 
current make an analysis possible. Herger (8) was able to show a 
current rising to the maximum value after 5-10 r as a consequence of 
a first downward-progress leader from a negative cloud and of an upward 
midgap streamer from the air (Pig. 5a). Ten per cent of the measured 
course shows a steepness greater than 25 kA/^a. Partial strokes from 
negative clouds, which follow either the first discharge, in accordance 
v-'lth Pig. 5a or the prolonged discharge typical of San Salvatore of a 
few tens or hundreds of amp'eres. have a front period of only one or a 
^ few microseconds (Pig. 5b). The specific steepness is thus substantially 
(Ihan with a current course in accordance with Pig. 5 a. The method of 
measuring the current course with the aid- of a delay cable has been 
used since 1960. The results are consequently noflfe numerous as to) 
a statistical analysis to be carried out. (enable 

The multiplicity of courses which lightning current can take on end 
in the ground results in numerous and varying phenomena connected with 
questions of protection, extreme and uncommon phenomena attract parti¬ 
cular attention in this connection and are naturally more conspicuous 

than the more common cases. The following phenomena are mentioned 
briefly and are illustrated in individual cases by examples. 

1. Power ^phenomena, for example, in a lightning-conductor i&. 

The power increases ns the square t-.. 

quare of the current strength. With a 
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lightnlng current of 100 kA there cornea Into existence a power of 

500 kp in n ew&e which follows a very pronounced cornice on a building. 

Tn addition breaking forces arise in straight lengths. 

2. The following are some of the manifold vplta_ce_ohenomena at the 
place of striking, and starting from the point of striking: 

(a) Voltages of up to several million volts as a result of the 
resistance in transit to earth. 

(b) Sliding discharges from the point of striking to the sur¬ 
roundings up to a distance of 50 m, arising in very poorly conducting 
bedrock, for example, granite. 

(e) Voltage differences in a cable as a result of rapid change 
in the lightning current. The voltage difference may be 100 kV per 
metre of at 00 kA/^ 13 . 

(d) Displacement" of voltages to distances of many hundreds of 
metres through fissures in rock (tunnel building), wire fences, 
power lines or underground cables. 

3. '^eat phenomena. 

(a) When the striking place consists of metal, power is supplied 
to the surface of the metal equivalent to the strength of the 
lightning current times the anode voltuge drop. At 100 kA a power 

of about 1000 to* Is uu >pl tod. The pqfir density in cooper ia about 
BOO kVV/cirT ■•iii' 1 in aluminium 350 k'.V/ein'^ In the first 10 and linen 
decreases owing to the reduction of the current density. 

(b) Tn the interior of the metal current heat arises, which is 
inversely proportional to the fourth power of the linear dimensions 
of the conductor, for example, the wire diameter or the plate t.hick- 


m 


(c) Transmission of heat from the lightning channel to the sur¬ 
roundings, thereby causing fire. Vith a lightning stroke in sand 
f llruritea may be formed. At 100 kA the power is approximately 
150,000 r.:.V/m in send. 

•1. ^ressure_phenomena. 

(a) In the rapid expansion of the lightning path as a result of 
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tt vn.il'J I'rov;th In the lightning current, n preenure wave nrleea 
which 15 i released from the Lightning channel nt supersonic speed. 
The pressure ov.d the wave Impulse may produce considerable 


damage. 


(b) The same phenomenon may arise in the vaporization of metal 
wires. 

( e ) Turbulent forces bo arise in the evaporation of water in a 
cleft. Trees split in most cases. At 100 kA blocks of stone weighing 
5 tons may be torn off and rocka weighing 100 kg thrown 20 m. 

This short tabulation will be illustrated by a few examples. 

1 . on June 15, 1956, lightning struck the church at Rudolzhofen 
(Bayern, Germany) and did extensive damage to the lightning-conductor 
installation and to the church (31). Fig. 6 shows a semi-diagrammatic 
•lieture. From the top of the tower two copper conductors ran to earth, one 

o 3. 

(4 x 3 = 13 wires, 30.6 mm 4 ') directly and the other (7 wires, 24.2 mm ) 

over the body of the church. The cables were torn to pieces in at least 

seven places, denoted in Fig. 6 by th■: figures 1 to 7. (The conductor 

»-*th lightning faults 1 and 2 ran down the other side of the tower. 

The power input similarly took place on the other side. Fig. 6 wea 

drawn with this down lead on the front side for the sake of a more 

perspicuous survey.) At 1 the slnte roof was damaged. At the grounding 

point 6 a hole appeared in the concrete pipe which had been used as a 

mechanical protection. The rainpipe was damaged at I and II. A flashover 

had occurred from the down lead to the rainpipe at a distance of about 

30 cm and from the rainpipe to the power cable, similarly at a distance 

of 30 cm. The cable lr. the church (4 x 1.5 * 6 mm 2 ) was vaporized for a 

length of 10 m, equal to 0.5 kg of copper. Considerable pressure damage 

wr.a done to the organ and the electrical Installation. Examination of 

the material showed that the temperature of the cable had been about 

7C0°C. To heat copper cables of 54.8 mm 2 to red heat, a current-heat 

2 

lmoulse of 1000 x 10 6 A" s is required and to vaporize 6 mm copper, 

37 x leP A 2 s. From these power and heat phenomena the strength of the 
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lightning current can be estimated as 300,000 kA, which, with an effective 
duration of at least 11 rna^meant a cloud charge of over 330 Coul. Such 
phenomena occur with a probability of less tnan 1:100,000 (see Table 2). 

2. Pig. 7 snows the situation in a lightning stroke which caused 
considerable damage to a house witnout the lightning conductor being 
able to prevent it (32). The flash had struck a birch tree about 20 m 
high at a distance of 35 m from the house. The tree stood on granite cove¬ 
red with a thin layer of soil. The area was strewn with large and small 
stones. Several traces led from the tree, which was totally splintered. 

One trace, more than 35 m long, led to the house. Several cubic metres 
of earth and stones hod been thrown up, six windows had been smashed and 
•10 or 50 litres of earth and stones hod been flung Into the upper floor 
of the house. Via the cellar the flash had struck a wa 1 1 socket for the 
electric cable in the kitchen, about 1.5 m above ground level. The 
cable (2 x 1.5 mm ) was vaporized. The trace then disappeared into a 

o 

4 ,rcn“ cable ("thence to a water-pipe with a flashover approximately 10 cm 
in length. Pour persons who on tnis occasion were sitting only 2 m away 
from the vaporiz'd coble were uninjured. This phenomena - that a house 
may be struck and damaged from under ground - is not particularly uncom¬ 
mon in Scandinavia when granite is the bedrock (33). Experimental inves¬ 
tigations of peak currents in cleft3 permit an extrapolation to a current 
strengtn of 100 kA with a half-value period of 200 / jxs. In damp sand the 
amount of energy developed in such cases is approximately 1000 kWs per 
metre of the lightning path. This is equivalent to the energy developed 
in the detonation of 215 g of dynamite or 350 g of gunpowder per metre. 

N N 

Displacement of the voltage plays an Important technical part. Tn 
tunnel construction in high mountains, primers prepared for blasting 
have been exp^ded too soon and accidents nave beer, caused. As a safety 
measure the cables are provided with a metallic sneath (34) and special 
primers are used which require substantially greater.power for firing 
than the ordinary primers, which ignite ever, with a power of 1 ihWb (35). 
'Stoe (sables in the ground may be exposed to a direct lightning stroke at a 
distance of several tens of metres from the place of striking. Telephone 
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cables conrvcted with overhead llne3 are exposed to Indirect and direct 
lightning action. Co”ious specialist literature shows the importance of 
safety measures (3n-40, a limited selection). 

3. In a lightning 9 troke on a lightning conductor, high voltages 
xay arise in the eafai*!, with the result that a flashover may occur indoors 
to electric cables or telephone wires 40 or 50 cm away, '-'any fires have 
been caused in this way. These high voltages are then transferred via 
power or telephone lines to adjacent houses. It is, nowever, often 
possible to establish that the damage at a distance of about IM 10 m 
from the point of striking is fairly slight. McCarthy et al . (41) analyse 
a lightning stroke on a church in north-western Pennsylvania with the 
aid of installed oscillographs and magnetic links. The lightning stroke 
shattered a 4“ byj^’ by 18’ wooden rafter, left the steeple and terminated 
on the wiring above the ceiling. The church had no lightning conductor - 
the electrical Installation was the lightning conductor. 3ome fuses were 
blown and some lamps vaporized, but neither the watt-hour meter nor the 
7.2 kV transformer 60 metres away was damaged or affected by the flaBh. 
The 1ightnlnr current was established as having been 31.7 kA. Of this, 

4.0 kA went to earth in the transformer, 19.5 kA to the hlgh-voltnge- 
-grounded conductor sad 6.7 kA to the high-voltage phase conductor via 
the transformer, fhe duration of this partial current was determined 
oscil’ogrophically as longer than 2000 Similarly the damage to the 
electrical system in the cose of the powerful flash at Rudolzhofen (Pig. 

6) was very slight. Fig. 8 shows the damage in the general plan, denoted 
by figures 1-8; fuses blown, lamps vaporized and flashovera in junction 
boxes. T :o meter was damaged, in spite of the fact that the distance to 
some installations was less than 30 m from the place of striking. 

4. Very high voltaren .may arise in lightning strokes on a thick bed 

of snnd, the foundation of which consists of a better conductor, for 
example, clay. The lightning channel goes almost perpendicularly down. 

The voltage gradient is about 100-150 kV/m. After about 100^9 of contact 
vith the MrhtninG channel pressed into the sand, fulgurites arise. The 
temnerature of the lightning channel, according to spectroscopic 
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measurements by Mandelstam (42), is 16,000-25,000°C. Fulgurites arise 
at 1900°C. Their generation can only be established in a chance direct 
observation of a lightning stroke in sand (43).| 7n the atmosphere the ■ 

pressure is propagated as a detonation wave, which can shatter window 
-ones st a distance of about 10 m. Fig. 9 a shows a remarkable case of 
damage caused by pressure to a window pane. An almost circular disc 
(160/170 mm in diameter, glass thickness 2.5 mm) with sharp edges had 
been cut out of ..he pane. The window was an external one, separated from 
Ihe i,H* u d inner one by a space or about 50 mm. The round disc hud 

d ° Wn bCtWu - n , th0 lwo in,loK:5 - (Th» window la in the Institute's 
archives, !ni lit-.ted by Professor (!. Norinder.) Beckmann (44) describes 
similar damage (Fig. 9b) in June 1754 to a hothouse in 1arlsruhe. The 
window was torn out of the frames in which it was nailed and thrown out 
into the r-arden - a r- suit of the negative pressure. The explanation of 
the da-sr-e^may^be^that the stress on the glass through the pressure wave 

r i ITI11 ‘ Iwave of the lightning channel was reinforced to 
Vros'.ir.g po'nt ti rough the wave's being propagated in the glass and 
refected, at the edge of the glass. 

bightning Protection in the tight of standard Codes 

The knowledge and uractice of that time was summarised by the Mghtning 
Mod ConfV-cnco in ’ ondon In 1H7U (45). About 26 years Inter individual 
countries - inriand. the JiA and 'iermany - began to draw ud instructions 
mud guiding principles dealing with the protection of diferent kinds of 
buildings, towers, chimneys, ships and last but not 'east structures 
containing inflammable liquids, goscs n.ud explosives. A tabulation of the 
codes nvallab’e to ne is given as ref. (46). On the whole, the instructions 
•'re much the same but cn closer scrutiny show divergent views which are 
not due to the individual chs-scter of particular countries. 

The ■ uestion of the zone of protection is not dealt with in a uniform 
manner, T n the U1A (id, m) a shielding angle of 45° in important cases 
and C3° in less important cases is considered sufficient (Tig. io). 
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7n England (46, l) e shielding angle of 45° is given, but not, however, 
for particularly important buildings, such as explosives factories, oil 
e.:d petrol tnn.<s, etc. In the U-33R (46, n) the shielding angle is sub¬ 
divided. In a chimney 52 m high the shielding angle for the upper part Is 
•'-ry limited (Pig. 11). Por the lower part a protective radius of 40 m 
is stated on the basis of model experiments. 

Contrary views on elevation rods are made clear by Piga. 13 and 13. 

Tn the 1J3A several elevation rods are recommended, for example, 15 on 
"the tynical installation on a barn group". Tn Germany special rods are 
r.ot recommended on the roof of a farmhouse. The roof conductors act as an 
air terminal. Some awe-inspiring objects (Pig. 14) included In the Code 
for Protection against Lightning (1959) in the USA are probably of most 
use on the psychological plane. According to British .Standard , 

an air termination need not have more than one point and should be at 
least 1 foot above the salient point on which it is fixed. We accordingly 
see that the dimensions of the elevator rod, which was formerly 10 feet 
high or more, are now only rudimentary (Pig. 15). 

Tn all the instructions the question of reliable grounding plays an 

important part. In England a maximum value of 10 ohms is prescribed 

/ , . _ . eeoMOMticaffy 

(45, 1, 308c). Tn Austria this is not possible at t ry justifiable 

expense in certain provinces. The Austrian instructions (46, a, 10, 3) 

rest stance 

therefore allow higher tr a nsitiiw values than 10 ohms for a specific 
f-avtli resistance of -'ore than 250 ohms/m. Por this, exact instructions 
with various examples are given. Tn the UOA (46, m, 317h) It is laid down 
that lor resistance is. or course, desirable but not essential, by a buil¬ 
ding resting on a base of solid rock it would be impossible to make a 
ground connection in the ordinary sense of the term. The most effective 
means would be an extensive wire network laid on the surface of the rock 
s-.r rounding the building, after the manner of a counterpoise to a radio 
antenna. i’-.-ro we apnroacn the standpoint of James Clerk Maxwell (47) that 
"warth" docs not exist In the protection of buildings agaiii 3 t lightning. 
The .'spent : ol thing is to prevent potential differences. Maxwell in 1876 
suggest'd "aking a construction like a cage with 6 mm 8 copper wires. In 
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.. . «y* tem:;. ««tcr-plpcn mtf c-ublee. not 

„ eriy wiP „ would be needed to complete the whole arrangement according 

to liac’Ts su'-pestion (Fi?* 16 '* 

,. f . cro ,,-„c«on of toe conductor neceasary for the discharge ha. 

-eoy -.cades Keen fixed -re on the teal, of the or.ft.-n 1 a «»P' rl - 
once of strength .of of practical WMO of vary oo.arfu! 

llrhlhlr-e strokea than cl the tool, of phy.icel Investigation, and 
osculations of prolabllitles. For the protection of aircraft. Mew. 
n neceaeary to deter.in. the cross-section of the conductor for 

boodihd per .o.es. the current-car. ylog capacity of the Ceding a,at.» 

t „ he auch that a lightning discharge current can be carried het.een 
,„.v 1.0 e. tre.ltlea of the elrpl.ne .Hhont «»* of da.aglng flight con- 
tv „i, external aurfaeea or of producing cxceaalve voltegea -lthln 

the aircraft. The two.. If.tlon, .ere carried cut .1th peak current, up 
to IfO Ml. reaching the crest value at 19 ^ and dropping to 60 M at 
on c.. for thl. a copper cable .1th a croao-.ection of 3.3 ««' or an 
... r ipp in „th a ero.n-aectlon of 5.1 m» 2 -a. neeo.aary (48). 

-,th a f... exception, the crc.o-o.ctich praacrlhad^ tha^nd.jd. of 

„.,.e....en, centric. In n .cult of .-«• *» 

•.. protective MM. can 6c divided into three group,: (D 

on,, in -nich relatively large a.a of ~M, have to he 

... to obtain ..feet protection; (d> Htandard.inntallation^hlch 

Sre designed, in the first place, for valuable bulTdlng^lTnd bulidinge 
lr „hich financial con.id.r.tion, play a -Mil P-rt; (3) -do-it-yourself 
1 natal 1 at Iona, in .hich the financial .W of protection plcy. the main 
part end .hich are d.aigned for the numerous a,-.11 d.elllhg. in the 
provinces, for .hich . standard Installation «ould be too expeo.lv.. 

An example of a snper-lnatal'.tion 1. sho.n In Fig. If, an explo¬ 
sives factory built on poorly conducting ground. The .unrounding, of the 
building are protected by banka of earth. On thene banka aland wooden 
.oats carrying a network of 50 mm 2 copper wires with a mesh width o 
about 8 m. This network is grounded through a ring conductor «th ou - 
P oif R earth wires at a relatively & distance from the building. 
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Thln In count rue ted like « Faraday cage and grounded separately. All the 

metal parts In the building ore carefully grounded In order to uvold the 

generation of smell snerks by a lightning stroke. There is no permanent 

metallic connection between the building and its surroundings. If the 

supply of electricity is necessary, this is done by means of a cable, the 

last 10 m of which ore arranged overhead and are separated from the 

building at this distance when lightning is forecast. 

Standard installations are so thoroughly described in the instructions 

of the respective countries (-16) that It is not necessary to give an 

account of them. Only one noint may be mentioned: the practical difficulty 

of connecting large metal parts to the lightning protective system. A 

(Tightningf 

relatively large amount of Y damege has been brought about by, amongst 
other tilings, television antennae. The difficulty i3 that in many cases 
the supports for the antennae, usually iron pipes affixed to the roof or 
a chimney, are not grounded at all. Obviously they are virtually ungrounded 
lightning rods with only the twin lead of small wires as a circuit to 
ground, either through a smell arrester, probably poorly grounded, or 
through the TV set. The twin lead is easily vaporized and thereby pro¬ 
duces an explosion (49). 

In the majority of countries lightning protective systems are not 

economical for small houses: other considerations play the main part in 
installation, 

their Insurance statistics show that lightning damage in the 

countryside seldom exceeds a value of 3.u per Insured small dwelling and 

year. As a rule, it is not possible to produce a standard lightning 

protector for an economical sum of 20 x 3 = $60. In Poland Sxpor has sug- 

gested protecting small houses with 10 mm iron wire (50). Several hundred 

thousand installations have yielded a surprisingly good result an regards 

lightning (16). gore detailed investigations of current-heat Impulses 

2 

and their probability showed that 10 mm copper wires are completely ade¬ 
quate (61). The installation is made cheaper not so much by reducing the 
cross-section of the conductor but by the fact that it is possible to use 
lighter fittings arid brackets, which are available mass-produced. T t is 

possible to stretch the wires over the buiiip. 

uuiiding oneself, without having 
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to depend on the experts who are required for erection work with the 
heavier standard wires. It is requisite, however, that ownera of small 
dwe! 1 ii.gs who wish to build a lightning conductor thermflves should 
receive the essential instructions. This system is permitted in Sweden 
(46, i, 9). 


\pproved for rtiMfisbASlStFcMiO C0646185S 





C06461858' 


Approved for I 


ttdwrl C0646i858 


Rot's ronceu. 


B.L. Goodlet 


K.B.Mo. Eachron 


Lightning, 

Journal of tho Inst.BlVBng. 81 (1937) July 

82 (1938) Febr. 

Lightning protaotlon sines Franklins day. 
Journal of tho Franklin Institute 253 (1952) 

441 - 470 


I.B. Cohan Benjamin Franklins Experiments, 

A new edition of Franklins Experiments and 
Observations on Electricity, 

Cambridge Mass. Harvard Univ. Press 1941 
T. Bergman Om mojeligheten at forekomma Astana skadsliga 

vsrknlngar. 

(On the possibility of preventing damaging effects 
of lightning) 

Kongl. Vetenskaps Academia Stockholm 1764. 

B.F.I. Schonland, D.B. Hodges, H. Collens 

Progressive Lightning V . 

Proc.Roy.Soc. A 166 (1938) 56-75 
B.F.I. Schonland, D.I. Malan, H. Collens 

Progressive Lightning VI. 

Proc.Roy.Soc. A 168 (1938) 455-469 

B. F.I. Schonland 

Progressive Lightning IV. 

Proc.Roy.Soc. A 1 64 (1938) 132 - 150 
K. Berger Front time and current steepness of lightning 

strokes to earth • 

Proo.Internet.Conf.Gas Discharges and the 
Eleotrioity Supply Industry 1962 .. 

K. Berger Gewitterforschung auf dem Monte San Salvators, 

ET2 (A) 82 (1961) 249-260 
(Conpl. by pars, information) 

D. MUller-Hillebrand On tho frequency of lightning flashes to high 

objects* 

Tellue 12 (i 960 ) 444-449 

C. E.R.Bruce, R.H. Golde The lightning discharge . 

Journal of the Inst.El.Eng. 88 (1941) 407-505 


K. Berger 


K. Berger 


D. MUller-Hillebrand 


toDroved for C0646185 




C06461858 


Approved for R&ldSStf 20T7709m C06461858 


12. B.T. Pieros 


13. S.B. Oriacoa 


14* R.H. Golds 


15> F. Schweokhagen 


16 . D. Miiller-Hlllebrand 


17. H. Davis 


18 . T.H. Grldley 


19. M.V. Kostenko 


20. V.V. Burgsdorf 


21. T. HorvAth 


22. C. Daurire, I. Bouget 


23. D. MUller-Si 1 lsbrand 


Soaa Topios in ataoepherio eleotrlolty. 

Recent advanoas In atmospheric eleotrlolty 
Pargaaon Prass 1958 

The prestrike theory and other effaotB In the 
lightning atroka. 

Trans.Amer.Inst.Eleotr.Bng. 77 (1958) 919-931 
The frequency of occurrence and the distribu¬ 
tion of lightning flaahaa to transaiaelon lines, 
Trans.Aaar.Inst.Electr.Eng. 64 (l 945 ) 902-910 

Bllteeoh&den trots Blltsaohuts . 

Elektrotaknlek 1 959 Nr 18 

Kooraanns Periodieka Pars V.V. Den Haag (Holland) 
The protection of houses - an historical review . 
Journal of the Franklin Institute 274 (1962) 

34-56 

Frequenoy of Lightning Flashovers on overhead-lines, 
Proc.Internet.Conf.Gas Discharges and the 
Electricity Supply Industry 

The shielding of overhead llnee against lightning. 
Proo.Innt.Eleotr.Eng. 107 A (i960) p. 325-335 

Contribution to the Conference of Cigrl study 
conumttA 8 in Athen ( 1962 ). Hot published. 

Lightning protection of overhead transmission 
lines and operating experience in the USSR. 

CigrS report 326/1958 

The probability theory of lightning protection. 

(In hungarlan language) 

Elektrotecknika 55 ( 1962 ) 48-61 

Influence de la constitution gAologlque du sol 
eur loo points du ohute do la foadre. 

C.H. Aoad. So. 186 (1928) 1565 

Beelnflussung dor Blltzbahn duroh radloaktlva 
Strahlen und duroh Haumladungen. 

E T Z A 83 (1962) 152-157 


^proved for FUNfisfeA&StKJfiQ C06461858. 




C06461858 1 


Approved for I 


C06461858 


24. L.M. Boberteon, V.W. Lewis, 


C.M. Fonat 


Lightning investigation at high altitudes in 
Colorado. 

Trano.lJior.Inat.Eloctr.Eng. 61 (1942) 201-208 


25. B. MUller-Hillehrand Zur Pbyeik dar Bllteontladung. 

B T Z (A) 82 (1961) 232-249 

26 i method of estimating lightning performance 

of transmission linoe. 

Trane.Anar.Inat.Elaotr.Eng. 69 (1950) 1187-1195 

27.a) B. Commons Symposium on operation of the Boulder Bam 

Tr&nomiBBlon Linfl - Influlttion &nd Lightning • 

Protection • 

Trans. Amer.Eleetr.Eng. 58 (1939) 140-146 

h) T.M. Bakeslee, S.L. Kanouse 

Thirteen years lightning performance of Boulder 

287 kV tranamieaion lines • 
Tran8.Amer.Eleotr.Bng. 69 (1950) 796 
Results completed hy personal information 


28. B. Foitmik 


29. P.L. Bollaeobi 


Versuche mit groasen StoastrSmen. 

E T Z 60 (1939) 89-92, 128-133 

Heavy surge currente-generation and measurement• 
Trane.Amor.Eleotr.Eng. 53 (1934) 86-94 


30. N. Hyltin-Cavalliua, Field measurements of lightning currents. 

V ._ jV.a. • — . . . t n 4 r\r\ 4 11 


... - 

A. Strandberg 


31. A. H3sl 


Elteknik (Stockholm) 2 (i960) 109-113 

BlltzschAden an Kirchen • 

E T Z (a) 82 (1961) 288-293 


32. D. Mliller-Hillebrand iskrisk 00b Askakydd.(Lightning danger and 

lightning protection) 

TskniBk Tldskrift Stookholm (i960) 625-630 


^proved for rtiWfisbAaStrafiO C0646185 



C06461858 


Approved for 


C06461858 


33. D. Mill 1 er-Hi 11 ebrand RUekvartiger Blitzelnachlag in Hluser und 

Energleumsata lm eingeengten Blitzkenal. 

E T Z (A) 78 ( 1957 ) 548-553 

34. K. Berger Notwendigkeit und Schutawert aetalliecher Mttntel 

von Sekund&rkabeln in Hbchstspannungsanlagen 
und in Hochgebirgaatollsn ala Beiapiel der 
Schutzwirkung allgemelner FaradaykAfige . 

Bull. S.E.V. 51 (i 960 ) 549-563 

35. K. Berger, l.P. Foureatier, 

H.F. Schwenkhagen Blitaaobut* far elektrieohe SprengaUnder la 

Stollenbaa. 

Nobelhef to 25 (1959) 149-160 

36. B.L. Coleman The direct lightning etroke to a buried oable . 

The Electrical Research Association 

Leatherhead, Surrey 
Technical Report S/T 71 ( 1951 ) 

37. H, Meieter Blltaschutz an Telephonanlagen. 

Technlsohe Mittellungen P T T 
36 (1958) 1 3-32 

38. D.W. Bodle, P.A. Crash Lightning surges in paired telophon oable facilities 

The Boll System 

Technical Journal 40 (l961) 547-576 


39. 3.1. Little Protection of exohange equipment and subscribers 

installations from damage due to lightning and 
contacts with power lines. 

The Poet Office 

Bleotr.Eng.Journal London 53 ( 1961 ) 219-225 

40. G. Foretay, R. Ruobet Sohuts von Kabeln in Vasaerstollen gegen Blltz- 

sohaden . 

Bull S.E.V. 52 (1961) 33-39 

41. D.D. Mac Carthy, D.B. Edge, 

D.A. Stann, M.C. Me Kinley Lightning Investigation on a rural distribution 

System . 

Trans.Amer.Inst.El.Engs. 68 (1949) 428-437 


\DDroved for C06461858 



C06461858 1 


Approved for I 


C06461858 


42. S. Mundelstam 


43. M.N. Heed 


44 . J.L. Bookmann 


45. C. I. Symons 


46.a) Austria 


t)ber die Temperatur des Blitzes und die 
Stfirke doe Bonners. 

Proc. Ionization phenomena in gases. 

Edited by H. Maeeker 1962 North-Holland Publ. Co 
Amsterdam 


Fulgurites in the making. 

Bocks and Minerals 33 (1958) 406 
Earlier rel'erences ini 

J.I. Petty. Tbs origin and ooeurenco of Fulgu¬ 
rites in the Atlantic Coastal Plain. 

American Journal of Science V, 31 (1936) 188-198 
(86 references) 

A.F, Rogers. Sand fulgurites with enclosed Lechate- 
lierite from riverside country, California. 

Tbs Journal of Geology 54 (1946) 117-122 
(15 references) 

Ueber Blitzableiter. 

Karlsruhe 1. Aufl. 1783. 2. Aufl. 1830 

Lightning Hod Conference. 

Heport of the delegates. London 1882 
see alsoi Engineering 1882 p. 225 

Leits&tze ftir die Erriobtung und ttberprlifung von 
Blitzschutzanlagen. 

Vion (i960) 

Elektrotechnischer Verein Oaterreicho 


b) Czekoslovakia 


c) Denmark 


Instruction Tor the installation of lightning 
protective systems, 

Prague (1955) 

Vejledende Begler for Udf/relse af Lynaflederanleeg 
paa Bygninger m.m. 

K^benhavn Valby (1944) 

Elektrioitetaraadet 


^proved for C0646185E 








C06461858 ! 


Approved for I 


C06461858 


46 .d) Finland 


«) Oeraany 


f) Netherlands 


g) Norway 


h) Polen 


l) Sweden 


k) Switzerland 


1 ) U.I. 


a) 0. S. A. 


n) U.S.S.H. 


Aekakydd fbr byggnader. 

Helsingfors (1943) 

Elektriaka Inepektoratet 

Blitzoohuta.. 

Berlin (1957) 

Auseohuea fttr Blitaableiterbau e.V. 

Bichtllnjon yoor Blikeeaafleiderlnstallaties. 

HEN 1014 
Den Haag (1958) 

Bederlande Elektroteohnieoh CooltA 
Lynavlederboka. 

(1951) 

Horek Brannvern Forening 

Proteotion of building againat ataoepherio diaohar- 
gee. Oeneral inetruotione. 

Warsaw (1955) 

Byggnade&akledare. 

SEX Handbok 2 

(i960) 

Srerlgee Standardieerlngakoeaiseion 
Lelta&tae fttr Bliteeohuteanlagen 

(1959) 

Sohwelaerleoher Klektroteohnleober Verain, ZOrioh 

Proteotion of etruoturee againat lightning. 

(1948) 

British atandard oode of praotioe CP 326.101 

Coda for Proteotion Againet Lightning. 

(1959) 

National fire proteotion aeeooiation 

Lightning proteotion for industrial and other 
bulldinge. 

Moekwa (1951) 

I.S. Stekolnikor, V.S. Xoaelkov, A.F. Bogomolov, 
F.A. Lihachev, V.H. Boriaov, L.H. Lopahita 


toDroved for FtiNfisfeASStFftiiCl C0646185 






C06461858 


Approved for 


ssuysaws 


C06461858 


' : ...=' -I 


47* J.c. Maxwell 


On the proteotlon of bulldlnga froa lightning 
Rep.Brit.Aasoo. for tho advaneement^aoienoe 

(1876) p. 45 , 


48. A.O. Xemppainen,I.H. Kerriaan 

Airoraft bonding for lightning protection. 
Proo. 1948 Symposium Lightning protaotion for 
airoraft. 

Lightning and Transients Beaearoh Inatltuta 
Minneapolis, linneaota 


49. 8. Booh 


50. St. Sapor 


VeBtlnghouae Sl.Co. East Pittsburgh personal 
information. 

Paratonnirea rureaux da type ldger. 

Bev.Oon. da l'Elootrlelt* 68 (1959) 263 


51 • D. Mfiller-Hlllebrand tfber d^i Bean sprue hung und Boaoaeung von 

Blltesohuttanlagen • 

S.u.N. 77 (i960) 345-349 


3 . ' 


\Doroved for C06461856 







Tables 


Table 1. Normal log distribution. 


Column 

1 

2 

3 

4 

Magnitude 

Current, kA 

.Charg 

e, Coul 

flHTngr/Vedia.*} 

18 

13 

3.1 

15 

deviation 

0.32 

0.46 

0.40 

0.51 

Mode 

10.4 

4.25 

1.33 

3.8 

Arithmetical mean 

23.7 

22.8 

4.7 

30 


Table 2. Extreme current strengths. 


Probability 

Current 1, A 

Current 2, A 

4-XO 

42,000 

50,000 

4-100 

100,000 

130,000 

4-4000 

160,000 

210,000 

4: 40 000 

220,000 

290,000 


Table 3. Current hepit impulse. 


No. 

Wire diameter, 

mm 

Wire cross section 

mm 2 

Current heat impulse, 
10 6 A 2 Ste 

1 

0.81 

0.52 

0.019 

2 

1.02 

0.82 

0.048 

3 

1.29 

1.31 

0.12 

4 

1.63 

2.09 

0.303 

5 

1.83 

2.63 

0.49 

6 

2.05 

3.30 

0.77 


Teble 4. Probability of current heat Impulses. 


Region 

Probability 

£ 

Current heat impulse 

10 6 a 2 s«c 

. 

Boulder 


0.303 

3an Salvatore 


1.5 
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Figures 

Fig. 1. Mghming conductor proi-oeed by Torbern harpman for a building. 
Mi Up-ps8la y tt 176(K 


Fig. 2. Diagrammatic survey of the charge attribution In a leader 
channel, according to various proposals. 

Fig. 3, Marks left by a lightning stroke on a farmhouse, (a) General 
view, (b) Detail of noint of striking. 


Fig. 4. Vlghtnlng faults on high-tension cables protected by earth 
wires with various shielding angles. 

Fig. 6. Course of Uphtnlng current, according to larger. (jg /Flrat 
stroke from negatively charged cloud. v b. Subsequent partial discharge. 

Fig. 6. Damage caused by a powerful flash of lightning striking the 
^ church at RudolzhOfen (. l >ayern, Germany). 

Fig. 7. Traces of lightning over poorly conducting ground from a distance 
of 35 m to a house. 

Fig. 0, Distribution of Insignificant damape caused by lightning to the 
electrical Installation near the nowerful flash mentioned in Fig. 6. 

Fig. 9. Holes in window panes ae a result of lightning discharges. 

(a) Window in Stockholm in August 1944. (b) Window in Kffrlsruhe In June 
1754. 


Fig. 10. ihlelded zone of a mast, according to t/EPA Nt78 



Fig, 11. Shielded zone of a chimney, according to Russian model experi¬ 
ments. 

n 

Fig. 12. Tynlcal Installation of a group of barns, according to the Code 
of Protection against Ulghtning (1959). (NE P/\ !/• 78) 
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Fig, 13. Llghtnlng-oonduotor Installation on a farahouao, aooordlng to 
Osman rooomsendatlona. 

Fig. 14* Air terminals, aooordlng to NSPA Ho, 78, 

Fig. 15. Modern air tsralnal. 

Fig. 16. A nodom bouao with oil-fired boating ato. and lightning 
protootlon. 

Fig. 17. Inatallatlon of a proteotlve network on wooden poles over a 
building used, for tbs nanufaoture of exploalvaa. 
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Fig.1. Lightning conduotor proposed by 
Torbem Bergman for a building* 
Uppsala, 1764 


Pig.2. Diagrammatio survey of the charge 
distribution in a leader ohannel, 
aooording to various proposals* 



Pig.3. Harks loft by a lightning stroke on a 
faruliouco 

a) General view. b) Detail of point otriking 


Flg.q. idgbfcins faults on high-tonsion 
lines proteoted by earth wires 
with various shielding angles. 


1 

— 

_ 

AT 

A 9 >n ^- 





_ Pig. 6 . Damage caused by a powerful 
Fig.5. Course of lightning current, according to Berger flash of lightning striking 

a) First stroke fro 1 negatively charged cloud, the church at Hudolchofen 

b) Subsequent partial discharge. (Bayern, Germany), 


(Bayern, Germany), 
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Mg. 7* Traces of lightning over poorly 

conducting ground from a distance 

of 35 i to a house* 



Mg.8. Distribution of insignificant 

damage caused by lightning to the 
electrical installation near the 
powerful flash mentioned in Mg.6* 



lightning discharges. 

a) Window in Stockholm in August 1944* b) Window in Karlsruhe in June 1754* 




Mg.11. Shielded zone of a chimney, 
according to ituooian model 
experiments. 
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Fi c , 12 , Typical installation on a group of Pig.lJ. Lightning-conductor installation on a 
barns, according to tho Code of farmhouse, according to Gernan 

Protection against Lightning (1959). recommendations, 

(IIEP A Ho 78). 




Pig, 14 , Air terminals, according to ifilPA Ho JO, Fig. 15 Modem air terminal. 




Pig, 17 . Installation of a protective network 
Pig. 16. A modem house with oil-fired on wooden poles over a building 

heating eto. and lightning used for the manufacture of explo- 

proteotion. cives. 
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SESSION 9.1 


Whlttlers as a Phenomenon to Study Space Electricity. 


by N.D. Clarence. "-- —'—'• 


Part of the data used in this paper have been taken from 
the results of a joint projeot by the author and Dr. P.A. P'Brien 
now of the University of Khartoum. The results of this project 
are now in the course of preparation for publication elsewhere. 


SUMMARY . 

After a brief reaumfe of evidence supporting the oontentlon 
that whistling atmospherics may be generated by lightning dis¬ 
charges to ground, and that the components of a multiple flash 
whistle}*arise from the separate strokes in the flash, an analysis 
of the measurement of dispersions of multiple flash whistlers is 
given. It is shown that there is an increase of about yfc in the 
dispersion of the second component as compared with that of the 
first. An explanation of this is tentatively giveh in terms of 
an upward electron jet originating from runaway electrons in the 
thundercloud. Further supporting evidence for euoh a jet is 
sought from a study of the reoorde of electrostatic field changes 
during a lightning diaoharge to ground. 
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Vhl's tiers aa a Phenomenon to Study Space Electricity. 


by N.D. Clarence. 


Part of the data used in this paper have been taken froa 
the results of a joint projeot by the author and Sr. P.A. P'Brien 
now of the Dnivereity of Khartoum. The results of this project 
are now in the course of preparation for publication elsewhere. 

SUMMARY. 

After a brief resumi of evldenoe supporting the contention 
that whistling atmospherics may be generated by lightning die- 
charges to ground, and that the components of a multiple flash 
whistle]*ariee from the separate strokes in the flash, an analysis 
of the measurement of dispersions of multiple flash whistlers is 
given. It is shown that there ie an Increase of about yji in the 
dispersion of the second component as compared with that of the 
first. An explanation of this is tentatively glveh in terms of 
an upward eleotron jet originating from runaway electrons in the 
thundercloud. Further supporting evidence for euoh a jet is 
sought froa a study of the reoords of eleetrostatio field ohangeo 
during a lightning diBOharge to ground. 
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Introduction . 

During the International Geophysioal Tear whistling atmos¬ 
pherics were recorded in South Africa at Durban (geoaagnetlo 
co-ordinates 31°34' S, 93°04' E) by sampling incoming atmospherics 
for two minutes each hour during the day and night. All records 
were made on magnetic tape from which frequency-time curves of 
whistlers were made using a Kay Electrio Sona-Graph. The records 
referred to below were all obtained during the period September 
1957 to August 1959. 


Multiple Whistiara . 

Multiple whistlers, consisting of several ooaponents were 
frequently recorded and may be classified as either multiple path 
or multiple flash type (Helliwell and Morgan 1959). It is not 
possible to determine, merely by inspection of a spectrogram, the 
group to which any particular example belongs. It is known, 
however, from the Eokereley dispersion law that t 2 » D 2 /f where 
t is the tine Interval between the occurrence of the lightning stroke 
producing the whistler and the arrival at the observer of the com¬ 
ponent of radiated energy of frequency f. A plot of f"^ ▼ t 
gives a straight line the slope of whioh is the reciprocal of the 
dispersion, D, of the whistlerf. Grouping may be carried out by 
drawing the Eckersley plot for eaoh component and producing the 
straight line baok to out the time axis. In the ease of the mul¬ 
tiple path type the lines produos baok to a single point indloatlng 
the same souroe for all ooaponents. For the multiple flash type 
the lines out the time axis at points whioh are separated by from 
10 ms. to several hundred milllseoonds indloatlng a discrete souroe 
for eaoh component. Typioal examples are shown in fig. 1(a) and 

(b). 
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Pig.l . Eckersley plots for (a) multiple path whistlers and 
(b) multiple flash whistlers* 
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Of the Durban reoords of multiple whistlers selected for 
analysis, over 90j{ were of the multiple flash type. The ensuing 
remarks refer speoifioally to nultlple flash whistlers. 


The origin of whistlers . 

Although sources other than lightning discharges oannot be 
excluded, there is a great deal of evidence supporting the con¬ 
tention that whistlers arise from lightning discharges. 

The strong correlation found between thunderstorn aotirity 
in the region near the geoaagnetio conjugate point of a recording 
station and short whistler aotlvity at the station suggests that 
lightning discharges are the source of whistlers. 

Helllwell, Taylor and Jeans (1958) found correlation between 
observed vertical discharges and long whistlers heard. The atmos- 
pheric waveforms recorded at the time were typical of those for 
flashes to ground. 

By the simultaneous recording of long whistlers and the wave¬ 
form of the related lightning discharges, end by direct comparison 
of the time intervals between whistler components and strokes in 
the lightning discharge, Morinder and Knudsen (1961) have shown 
clearly, for the records published, that the components of the 
whistlers arose from multiple discharges in the same lightning 
channel. 

Although similar direct comparisons could not be made in Durban, 
ae only short whistlers were recorded, the Durban results do provide 
further lndlreot evldenoe that' lightning discharges are the souroe 
of whistlers. The distribution of the time Intervals,£ t, between 
components of whistlers is shown in fig.2, together with the dis¬ 
tribution of the time intervals between strokes of a lightning 
flash to ground. 



Time Interval ^nttc) 


Pig.2. Distribution with time interval of 

(a) lightning strokes to ground (full ourve) and 

(b) whistler components (dotted curve). 
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The modal value for t of between 20 and 60 me. Is in agree¬ 
ment with the value for the aoet probable tine interval between strokes 
of lightning discharges to ground given by Bruce and Colde (1941) 
for records in Europe. Also the distribution may be compared with 
that for the time intervals between strokes to ground given by 
Schonland (1956) where the similarity of the two curves is again 
obvious. 

It seems clear that where a multiple flash whistler has several 
components it is generated by a lightning flash to ground which 
consists of several separate strokes. For this reason it is felt 
that this type of multiple whistler could be more appropriately 
termed a "multiple stroke" whistler but for the sake of consistency 
with published literature the term "multiple flash" whistler is 
retained. 


In the oase of cloud flashes the modal value of the.time inter¬ 
vals between rapid field changes is significantly less than the abovs 
value and of the order of 10 ms (Malan 1955; Kitagawa and Kabeyashi, 
1958). Furthermore, the radiation energy from cloud discharges in the 
3-6 Kc/s range is at best only 1# of the corresponding energy for 
ground flashes (Malan 1958). it seems unlikely therefore that 
whistlers ars generated by discharges within the cloud. 

The Dispersion of Multiflash Whistlers. 


The Ratio of the Dispersions of successive Components. 


Whistlers with two components onl. 


For multiple whistlers with two components only, there was often 
a significant difference between the intensity of the components. 

The records could be divided approximately equally into three groups 
where the intensity of the second component was (a) greater than, (b) 
approximately equal to and (o) less than, the intensity of the first 
component. Aleo the dispersion of the seoond component was often 
slightly greater than that of the first. 

In Table 1 the results of an analysis of the ratio of the dis¬ 
persion of the second component to that of the first, D^/jj , are 
given. In the oolumn giving the mean value of D 2 / Di , the Standard 
error of the mean is also shown, and the final column gives the level 
of significance between the measured dispersion and a ratio of one. 

This result proved particularly interesting in view of the faot 
that previous authors have stated that the dispersions of successive 
components are either identical or approximately equal. (Storey 1955l 
Iwal and Outsu 1956; Belliwell and Morgan 1959; Horxnder and Knudsen 
1961;). Because of the small difference between the measured values 
of D 0 /. and the value one, selected groups of records were analysed 
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Intensity 

Croup 

No . of 

records. 

No. with 

V 1 

'D1 

Mean value 

or Vd, 

Significance 

level, P. 

(a) 

31 

29 

1.052 + 0.011 

0.001 

00 

41 

28 

1.026 + 0.007 

0.001 

(c) 

31 

24 

1.016 + 0.006 

0.01 

All groups 

103 

81 

1.031 + 0.005 

0.001 



X riaJ 


Table 1 . Ratio of diaperaions of components in a 
two conponent whistler. 

by several different workera. All agreed with the main finding that 
D ^ 1. Significance teBta have also been carried out between 
' D 1 

the mean valuea of the dispersion ratio for the various intensity 
groups. Significance was calculated tobpat the 0.04 level for groups 
(a) and (b) and at the 0.29 level for groups (b) and (c). 

It is concluded, therefore, that the dispersion of the second 
component of a two component whistler is about yf> greater than that 
of the first and that there are significant differences between 
the dispersion ratios when two component whistlers are grouped 
accordingly to the relative intensity of the two components. 

Whistlers with more than two components . 

A similar analysis of the dispersion ratio for successive com¬ 
ponents in the case of whistlers with more than two components, leads 
to a similar conclusion. Results for records of whistlers with three, 
four and five components are shown in Table 2. 


No. of 
records. 


Mean value of 

Dispersion Ratio. 

Significance 
level P» 

52 

% 

- 1.023 

+ 0.007 

0.005 

52 

D Vd 2 

- 1.031 

♦ 0.007 

0.001 

20 

Vb 

- 1.018 

+ 0.015 

0.30 


3 




7 

D c , 

- 1.011 

+ 0.020 

0.70 


Vd 





4 





Table 2. Ratio of dispersions of successive components 
for whistlers with more than two components. 


|AE£ 
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Although the dispersion ratios and are both greater 

than one the number of available records? ie * 

too email for any great reliance to be placed on theee figuree. 

The Relationship between Dispe rsion and the Time Interval 
between Components # 

An investigation was carried out to see whether the difference 
in dispersion between successive components was in any way related 
to the time interval between components. The analysis was made by 
plotting 0 D, the difference in dispersion between successive com¬ 
ponents, against fl t, the time interval between components. Time 
intervals of 20 ms were used and the results were obtained from all 
records of T> 2 - and D ? - Dj. In both cases it was found that 
there was an initial increase ind D, as A t increased, followed 
by a decrease. The maximum value for <S D occurred for a value of 
d t - 30 ms. 

The results for I > 2 - Dj are shown in figure 3t the numbers in 
brackets indicating the number of records, in the particular time 
interval, available for calculation* 



AT (msec) 

Fig. 3 . Relationship between the difference in 

dispersion between the first two whistler 
components and the time interval between 
them* 

Speculations on a Possible Explanation of these Results. 

From the above it would appear reasonable to assume that (a) in 
the majority of cases the source of a whistling atmospheric is a 
lightning discharge between cloud and ground; 
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(b) in multiple f)auh whistlers the several components 
arise from the separate strokes of the lightning 
discharge, 

(c) there is a small increase in dispersion between the 
successive components of a multiple flash whistler; 

(d) the increase in dispersion betweon whistler oomponents 
is related to the time interval between them. 

Point (d) is of particular interest as it suggests that 
the dispersion measurements may be related to the physical 
processes occurring in the thundercloud during the interval 
between strokes, a possible explanation of the variation in 
D might be sought in termB of these processes. 

Factors Influenci ng the Dispersion of a Whistler . 

The dispersion D of a whistler is given by D . i-1° d8 . 

(Storey,1955), provided the frequency of the whistler is much lees 
than either the gyrofrequency f H or the plasma frequency f . 
ds is an element of path length and the integration is taken 
over the^whole path. By substituting for f Q and f H , 

D " J (j|) d8 ‘ whero e is the electronic charge in e.m.u., 

N the elec iron density per cc and H thenagnetic field strength 
in oersted. 1 

It is known that the ducting of whistlers, giving rise to 
the multiple path type, occurs very much more frequently in 
higher latitudes than it does at lower latitudes. It would 
seem reasonable, therefore, that the energy in each component of 
a multiple flash type has traversed the same path. In the short 
time interval between components the valuos of the magnetio 
field strength along the path will not change. Consequently, 
any change in dispersion between one component and another can 
only be due to a change in electron density along the path. 

The fact that ft D initially increases with 0 t, as shown 
in Fig. 3 , suggests that the change in dispersion is related in 
some way to the physical processes occurring in the thundercloud 
during the time interval between strokes. Could then the source 
of electrons, necessary to account for the increase in dispersion 
originate in the thundercloud? 

Runaway electrons were postulated by „.T.r. Wilson (1925) 
who showed that in the presence of electric fielde such as are 
found in thunderclouds, the energies of euch electrons could 
be as high as 10 9 Mev. Evidence for such penetrating particles 
of high energy hao been found by -Uionland and Viljoen (1933), 
using geiger counters and by lialliday ( 1941 ) using an expansion 
chamber. In the former case there was a pronounced tendency 
for the counting rate to increase at the moment of the flash and 
in addition more impulses were registered during the few seconds 
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before a flash than during-a similar interval after the flash. The # 
radar studies of Atlas (1958), Hewitt (1957) and Rumi(l957) have 
shown the existence of upward ionised jets during discharges of a 
thundercloud to ground. Such jets extend to heights: veil above the 
top of the thundercloud and are estimated by Rumi to have a velocity 
of approximately 2 x 10 7 cm/sec. 

Using data given by Nelms (1956) for the range of electrons in 
various media it is estimated that for an electron to penetrate the 
remaining atmosphere from a height of 10 Km. it must have an energy 
of the order of several hundred Mev. It is possible therefore that 
runaway electrons, accelerated within the thundercloud, could provide 
an upward jet of electrons. 

Assume, in the first place, that euoh a jet of electrons moves 
upwards during the time between one stroke and the next. The modal 
value of 0 t between first and second strokes is 4 0 ms. and for this 
time interval a D - 2.0 sec*. If the upward velocity of the jet is 
assumed to be 2 x lo om/eec.^in 40 ms. an ionised column 6 Km long 
will be formed. The electromagnetic energy radiated from the second 
stroke would thus pass through this charged column in addition to 

traversing the whistler path traversed by the energy from the first 
s troke . 

The question now arises as to whether this column of enhanced 
ionisation can satisfactorily account for the increase in dispersion of 
the second component over that of the first. Assuming a magnetic field 
strength of 0.12 oersted the value of the electron density in euoh a 
column, which could account for an increase in dispersion of 2.0 sec* 

Is 9.7 x 10 electrons/co. For such a medium the quasi-longitudinal 
approximation of the magneto-ionic theory, upon which the expression 
forD is based, is applicable and, assuming a colision frequency of 

10 /sec, the medium would have a refractive index of 22 for a 5 Ko/sec 

va ye. ' 

The above value for the electron density necessary to account for 
the measured diepersion is the effective density required in the 
assumed column. It could be used to estimate the current density in 
the jet and the total charge moving upwards from the thundercloud. In 
this case, however, values obtained would be minimum values for two 
reasons. Firstly the picture of the upward moving column has been 
greatly over simplified and no account has been taken of the effect 
of recombination. This would increase the value of the electron 
density by at least an order of magni tude.From the intensity of radar 
reflections the electron density in upward jets has been estimated 
at 3 x 10 per cc. as it leaves the cloud and 2.8 x 10 7 per cc. at a 
height of 60 Km. These figures are consistent with the known values 
for recombination coefficients at these heights which are of the order 
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of 10 • The calculated value for the eleotron density necessary to 

account for increased dispersion falls satisfactorily within this 
experimental range of densities. 

Secondly it has been assumed that the jet current flows for the 
whole of the time interval between strokes. From the work of Schonland 
and Viljoen (1935) this assumption appears to be justified, but it 
is likely that the intensity of the upward jet increases to a maxi¬ 
mum at the time of the discharge. 

The current density,X , in the jet is given by J - Nov. 

and using the calculated value of N - 9.7 x 10 7 per cc. and 

7 / p 

v ■ 2 x 10 cm./sec. is equal to 0.31 ma/oni . 

The total charge carried upward by the Jet is given by 
Q — A.L-N e. when A and L are the area of cross section and length 
of the ionised column respectively. Substituting known values 
5 " A » 'j 4 coulombs with A in square centimetres. Estimates of the 
radius w upward jets vary over a wide range from a few centimetres 
to several kilometres depending on t)ie assumed model of the thunder¬ 
cloud. With the uncertainty in the value of A it is diffioult to 
make an estimate of Q. However, a ssuming a radius of 1 metre, 
approximately 0.7 coulombs of charge would be carried upward by the 
jet. Increasing the radius soon leads to enormous values for the 
charge carried upwards and unless the radius of an upward Jet is of 
the order of 1 metre or less the assumptions made above beoome 
untenable bearing in mind that the charge brought to ground is 
approximately 4 coulombs. 

The effec t of upward .lets on field change measurements . 

If upward Jets of eleotrono as postulated, do in faot exist 
some evidence for them might be expected from field change studies of 
lightning discharges. Malan and Schonland (1951 A) have considered 
the electrostatic field which would be produced by an upward moving 
charge and have shown that there is a reversal in the sign of the 
measured field change as the charge passes through a reversal height. 
Assuming that measurements are made at a distance D from a vertical 
discharge, the reversal height, H r , is given by H r - D , r^. 

Jyr - ' 

g*em upward moving positive charge,electrostatic field ohamges 

would be positive whilst the charge was below the reversal height and 
negative when above this height. In the case of upward moving electrons 
the signs of the field changes would be reversed. 

Malan and Schonland esplain th. observed results in terms of an 
u P war< * moving positive Junction streamer between strokes prd having a 
velocity of approximately ) x 10 6 cm.seo. Final slow positive field 
changes observed for flashes at a considerable distance nay also be 


Approved for C06461856 




IC06461858' 


i 

i 



'■■>V 


AT. 



Approved for Relea^fe^2?lY77Cr9/fi C06461858 


9. 

due to positive streamers from the top of the thunderoloud. 

Consider the simultaneous existence of upward moving Junction 
streamers of positive charge and upward Jets of electrons. If both 
processes are below H r the electrostatic field changes produoed by 
them would be of opposite sign. Since both streamers originate in 
the thundercloud the faster moving eleotron Jet would be the first 
to pass through the reversal height. When this happens the field 
changes due to each process would be positive and a sudden increase 
in the rate of change of the electrostatic field might be expected. 
Such field changes are occasionally observed in the final field 
changes of fairly distant discharges. A typical example of suoh 
a field change is shown in Fig. 4 . 



The electrostatic field of a fairly distant 
discharge showing a sudden lnorease in the 
rate of change of field during the final field 
change. 


Suppose now that the following information is availablei 

Distance of the discharge from the observer and hence H 1 the 

r 

height of origin of the final stroke; the time interval, t, between 
the final stroke and the increased rate of change of the field. From 
these data it is simple to estimate the velooity of the upward electron 
Jet, assuming that the increased rate of field change may be attributed 
to its passing through the reversal height. 

The results of these calculations are shown in Table 2 . for 
nine records generously provided by Dr. D.J. Malan, of the Bernard 
Price Institute, from data collected by him over many years. The 
stroke heights used in the calculations have been taken from Malan 
and Schonland (1951 B). In all cases the increased rate of field 
change occurred after the final stroke which originated below the 
reversal height. 
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Record 

No. 

Distance 

(Km) 

H 

(Km). 

Field change 
increase after 
stroke No. 

Assumed 
height 
of dis¬ 
charge 
(Km) 

t 

(ms) 

10. 

Velocity 
of elec¬ 
tron jet 
(cm/seo 

10" 7 ). 

DAI, 3 

30 

21.2 

3 

5-4 

65 

2.4 

DAE3,1 

20 

14.1 

2 

5.1 

14 

6*4 

DE2,3 

16 

11.3 

3 

5.4 

20 

2.9 

DAHl.l 

15 

10.6 

2 

5.1 

32 

1.7 

DAB5.9 

15 

10.6 

3 

5.4 

60 

0.9 

DX4.6 

10-20 

io.6 

9 

8.9 

28 

0.6 

D03,5 

13 

9.2 

2 

5.1 

16 

2.6 

DE4..6 

12 

8.5 

2 

5.1 

46 

0.7 

D02.3 

10 

7.1 

1 

3.7 

.50 

0.7 


The calculated values of the electron jet velocity lie within 
the range 0.6 x 10 7 - 6.4 x 10 7 om/sec. Bearing in alnd that there 
could he a considerable difference between the assumed and actual 
height of the final discharge, these estimated values of the velocity 
may be regarded as consistent with thoee obtained from radar studies. 

The results of the above paragraphs appear to lend support to 
the assumptions made. In spite of this, the suggestion that the 
increased rate of field change is due to the processes outlined 
must be regarded as tentative for several reasons. The 9 records 
analysed were the only ones showing the effeot out of a total of 289 
reoords and a more frequent ocourrenoe of the effect might be expeoted. 
Similar increases in the rate of field change between strokeB earlier 
than the last might also be expected but there is little evidence 
for this. Finally, out of a total of 199 field change records of 
flashes which occurred at a distance of 8 km. or nearer there are 
three instanoes of an increase in the rate of field change occurring 
after the final stroke. These results oannot, however, be explained 
in a similar fashion as it is likely that all processes took place 
above the reversal height. 

In spite of these difficulties it is felt that further radar 
studies, designed specifically to investigate the existence of ionised 
jets above thunderclouds during the intervals between strokes, would 
be justified. 
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